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ABSTRACT
STRUCTURAL STUDIES ON THE PHASCOLOSOMA AGASSIZII HEMERYTHRINS
by
FREDERICK ANTHONY LIBERATORE
H em erythrin i s  th e  nonheme r e s p ir a to r y  p r o te in  found in  
e r y th r o c y te s  o f  m arine worms in  th e  phylum S ip u n c u lo id e a . The co e lo m ic  
hem erythrin  o f  Phascolosom a a g a s s i z i i , th e  m ajor s u b je c t  o f  t h is  t h e s i s  
i s  shown to have a tr im e r ic  quatern ary  s t r u c t u r e ,  unu sual su b u n it  in t e r  
a c t io n s ,  and g r e a t  h e te r o g e n e ity .
The c o e lo m ic  hem erythrin  gave an apparent m o lecu la r  w e ig h t o f
32 ,000  on Sephadex g e l  chromatography and an s | o 9w 3 .6 5  S in  sedim en  
t a t io n  v e lo c i t y  e x p e r im en ts . A com b ination  o f  th e  se d im e n ta tio n  
c o e f f i c i e n t  and th e  S to k e 's  ra d iu s determ in ed  by g e l  chrom atography  
p e r m itte d  th e  c a lc u la t io n  o f  a m o lecu la r  w e ig h t o f  4 0 ,6 0 0 . A su b u n it  
m o lecu la r  w e ig h t o f  1 2 ,8 0 0  was o b ta in ed  by SD S-p olyacrylam ide g e l  
e le c t r o p h o r e s i s .  Iron  a n a ly s e s  in d ic a te d  th e  h em eryth rin  c o n ta in ed  
0.885% Fe. Assuming 2 F e /s u b u n it ,  a minimum su b u n it  m o lecu la r  w eigh t  
o f  1 2 ,6 0 0  was c a lc u la t e d .  C r o s s - l in k in g  exp er im en ts o f  n a t iv e  p r o te in  
w ith  d im eth y l su b e r im id a te  y ie ld e d  th r ee  bands on SD S-p olyacrylam ide  
g e l  e le c tr o p h o r e s is  and th e  m o lecu la r  w e ig h ts  o f  t h e s e  s p e c ie s  were  
1 3 ,0 0 0 , 2 6 ,5 0 0 , and 4 0 ,5 0 0 . These r e s u l t s  in d ic a t e  th a t  t h i s  hemery­
th r in  has a t r im e r ic  quaternary  s t r u c t u r e .
N ine bands w hich  s ta in e d  fo r  p r o te in  and ir o n  were ob served  in
x i i
d is c  g e l  e le c tr o p h o r e s i s  o f  th e  n a t iv e  h em ery th rin . E le c tr o p h o r e s is  in  
8 M urea  showed th r e e  m ajor and one m inor band. I n d iv id u a l  n a t iv e  
h em eryth rin  bands i s o l a t e d  by p r e p a r a tiv e  e le c tr o p h o r e s is  gave o n e , tw o, 
or th r e e  bands when r e e le c tr o p h o r e s e d  on 8 M urea g e l s .  A m odel i s  p ro­
posed  f o r  th e  su b u n it  co m p o sitio n  o f  th e  n a t iv e  t r im e r ic  p r o te in  which  
a cco u n ts  fo r  th e  n in e  bands ob served  in  d is c  g e l  e le c t r o p h o r e s i s .
However, by u s in g  th e  h ig h e r  r e s o lv in g  power o f  g e l  i s o e l e c t r i c  
fo c u s in g  w ith  w ide range am p h o ly tes , pH 3 -1 0 , more than 20 bands were  
ob served  fo r  n a t iv e  h em eryth rin  and f i v e  m ajor su b u n it  bands w ere found  
when th e  fo c u s in g  was on g e ls  8 M in  u rea . The e le c t r o p h o r e t ic  and 
i s o e l e c t r i c  fo c u s in g  su b u n it  ty p es  w ere c o r r e la te d  w ith  one a n o th er .
On a m ath em atica l b a s i s ,  a tr im er  o f  f i v e  su b u n it ty p es  came c lo s e s t  to  
e x p la in in g  th e  20+ bands o b serv ed  d uring  i s o e l e c t r i c  fo c u s in g  o f  th e  
n a t iv e  h em ery th rin .
The u v - v i s i b l e  and c ir c u la r  d ic h r o ic  s p e c tr a  o f  ]?. a g a s s i z i i  
hem eryth rin  c lo s e l y  m atched th o se  o f  G_. g o u ld i i  co e lo m ic  h em ery th rin .
A lthough th e  su b u n its  o f  ]?. a g a s s i z i i  co e lo m ic  h em eryth rin  can 
be se p a r a te d  by p r e p a r a tiv e  e le c t r o p h o r e s i s  in  8 M u r e a , th e  more su c ­
c e s s f u l  method u t i l i z e s  D E A E -ce llu lo se  chrom atography in  8 M u rea . No 
method has been  found w hich p roduces a n a t iv e  monomer.
Enzym atic d ig e s t io n s  o f  p o o le d  h em eryth rin  r e s u l t  in  a la r g e  
number o f  low  y i e l d  p e p t id e s .  The te r m in i and a c e n tr a l  area  y ie ld e d  
enough p e p t id e  m a te r ia l  fo r  se q u e n c in g  and i t  i s  p o s tu la te d  th a t  th e se  
r e g io n s  are e s s e n t i a l  fo r  the t e r t ia r y  s tr u c tu r e  o f  th e  p r o te in  and 
b in d in g  o f  th e  ir o n . These r e g io n s  a l s o  show a s tr o n g  hom ology w ith  th e  
prim ary s t r u c tu r e s  o f  G o lf in g ia  g o u ld i i  c o e lo m ic  h em eryth rin  and 
Dendrostomum p y r o id e s  m yohem erythrin.
x i i i
A m yohem erythrin has been  i s o l a t e d  from th e  r e tr a c to r  m u scles o f  
_P. a g a s s i z i i . I t  has an S2 0 ,w 1*87 S , a m o lecu la r  w e ig h t o f  1 3 ,8 0 0  
on S D S-p olyacry lam ide g e l  e le c t r o p h o r e s i s ,  and a u v - v i s i b l e  spectrum  
n e a r ly  i d e n t i c a l  to  th a t  o f  th e  f u l l y  c h a r a c te r iz e d  m yohem erythrin from  
Dendrostomum p y r o id e s .
F in a l ly ,  a m inute v a s c u la r  sy stem  occu rs in  P_. a g a s s i z i i .
x iv
INTRODUCTION
H em erythrin i s  th e  nonheme ir o n -c o n ta in in g  r e s p ir a to r y  p r o te in  
found in  e r y th r o c y te s  o f  worms in  th e  m arine phylum S ip u n c u lo id e a  
(M anw ell, 1 9 6 0 a ) . H em erythrin has a l s o  been  r ep o r ted  in  two s p e c ie s  o f  
th e  phylum P r ia p u lo d ea ; P r ia p u lu s  caudatus and H a lic r y p tu s  s p in u lo s u s ; 
in  one s p e c ie s  o f  th e  phylum B rach iopoda, L in g u la  u n g u is ; and in  one 
s p e c ie s  o f  the phylum A n n elid a , M agelona p a p i l l i c o r n i s  ( G h ir e t t i ,  1 9 6 2 ).
H em erythrins are known to  occu r in  more than one t i s s u e  w ith in  
th e  same an im al. In a d d it io n  to  co e lo m ic  h em ery th r in , a v a s c u la r  
h em erythrin  has been ob served  in  s e v e r a l  s ip u n c u lid  s p e c ie s  and a m uscle  
h em eryth rin  has a ls o  been d e te c te d  (M anwell, 1960b ).
The co e lo m ic  hem erythrin  o f  th e  s ip u n c u lid  G o lf in g ia  g o u ld i i  i s  
a w e l l  c h a r a c te r iz e d  o lig o m e r ic  p r o te in  w ith  a m o lecu lar  w e ig h t o f  about
1 0 0 ,0 0 0  c o n s is t in g  o f  e ig h t  su b u n its  o f  m o lecu la r  w e ig h t 1 3 ,5 0 0  (K lo tz  
and K er e sz te s -N a g y , 1 9 6 3 ). A s im i la r  h em erythrin  has been  o b ta in ed  from  
th e  coelom s o f  Dendrostomum p y r o id e s  ( F e r r e l l  and K it t o ,  1970) and 
S ip u n cu iu s nudus (B a tes  ej: a l .  , 1 9 6 8 ). The v a s c u la r  h em eryth rin  o f  I). 
p y r o id e s  (K lip p e n s te in  e £  a l . ,  1972) and th e  h em erythrin  from  th e  
b rach iop od  jL. ungu is (J o s h i  and S u l l iv a n ,  1973) are  a l s o  o c ta m er ic  p ro­
t e in s  w ith  su b u n it m o lecu la r  w e ig h ts  o f  about 1 3 ,5 0 0 . Thus, h em erythrin s  
from s p e c ie s  in  d i f f e r e n t  p h y la  have an oc ta m er ic  quatern ary  s t r u c tu r e ;  
how ever, i t  w i l l  be shown in  t h is  t h e s i s  th a t  an oth er  q u atern ary  s t r u c ­
tu r e  i s  found in  the co e lo m ic  hem erythrin  from th e  s ip u n c u lid  
Phascolosom a a g a s s i z i i .
D is s o c ia t io n  o f  oc ta m er ic  h em eryth rin s has been  accom p lish ed  by
1
2u se  o f  a w ide v a r ie t y  o f  p h y s ic a l  c o n d it io n s  and ch em ica l m o d if ic a t io n s .  
The p h y s ic a l  c o n d it io n s  have in c lu d ed  h ig h  c o n c e n tr a t io n s  o f  u rea , 
g u a n id in e  h y d r o c h lo r id e , and m ercap toeth an o l (J o sh i and S u l l iv a n ,  1973) 
and th e  d e te r g e n t  sodium  d o d ecy l s u l f a t e  (K lo tz  and K e r e sz te s -N a g y ,
1 9 6 3 ) . A l l  o f  th e se  are co n sid er e d  d en a tu r in g  a g e n ts .
M ilder c o n d it io n s  which prom ote d i s s o c ia t io n  in  o c ta m er ic  
h em eryth rin s have in c lu d ed  changes in  i o n ic  s tr e n g th  (Rao and K e r e s z te s -  
Nagy, 1 9 7 3 ), th e  b in d in g  o f  c e r ta in  an ion s to  th e  ir o n  s i t e  (K e r e s z te s -  
Nagy, 1 9 6 3 ) , and th e  b in d in g  o f  s p e c i f i c  an ion s to  a s i t e  d i s t i n c t  from  
th e  ir o n  s i t e  (Rao and K er e sz te s -N a g y , 1 9 7 3 ).
An e q u ilib r iu m  betw een o c ta m er ic  and monomeric h em eryth rin  was 
d e te c te d  i n i t i a l l y  by th e  appearance o f  in te r m e d ia te  e le c t r o p h o r e t ic  
s p e c ie s  when s u c c in y la te d  and n o n -s u c c in y la te d  octam er w ere mixed and 
a llo w ed  to  h y b r id iz e  (K eresz tes-N a g y  e t  a l . , 1 9 6 5 ). U lt r a c e n tr ifu g a t io n  
has a llo w ed  th e  d i r e c t  o b se r v a tio n  o f  t h is  e q u ilib r iu m  and has shown i t  
to  be enhanced by th e  p r e sen ce  o f  ir o n  b in d in g  an ion s such as th io c y a n a te  
(K lapper e_t a l . , 1966) . E q u ilib r iu m  c e n tr i fu g a t io n  d id  n o t r e v e a l  any 
in te r m e d ia te  m o lecu la r  w e ig h t s p e c ie s  o f  h em eryth rin  so  i t  appears th a t  
th e  d i s s o c ia t io n  phenomena r e p r e s e n ts  an a l l  or none s i t u a t io n  (Langerman 
and K lo tz , 1 9 6 9 ).
The co e lo m ic  hem eryth rin s o f  (3. g o u ld i i  and D. p y r o id e s  c o n ta in  
two ir o n  atoms p er  su b u n it (K lo tz  and K e r e sz te s -N a g y , 1963; F e r r e l l  and 
K it t o ,  1 9 7 0 ). Sim ple ch em ica l t e s t s  s u g g e s te d  th a t  F e (I I )  i s  p r e s e n t  
in  (3. g o u ld i i  co e lo m ic  deoxyhem erythrin  and F e ( I I I )  in  b oth  th e  ox y -  
hem erythrin  and m ethem erythrin  l ig a n d  forms (K lo tz  and K lo tz , 1 9 5 5 ).
A ls o , th e  oxyhem erythrin  gave a p o s i t i v e  p e r o x id e  t e s t  w h ile  th e  deoxy­
h em eryth rin  d id  n o t . T his le d  to  th e  s p e c u la t io n  th a t  th e  oxygen bound
3by t h is  hem erythrin  was reduced  to  th e  p ero x id e  form during th e  b in d in g  
p r o c e ss  (K lo tz  and K lo tz , 1966; K lo tz  e t  a l . , 1 9 5 7 ) .
Chem ical m o d if ic a t io n  tec h n iq u es  have been  used  t o  probe th e  
a c t iv e  c e n te r  o f  hem erythrin  and th e  n a tu re  o f  th e  in t e r a c t io n s  betw een  
the s u b u n its .  In G^. g o u ld i i  h em ery th r in , the a c t iv e  c e n te r  o r  ir o n  
b in d in g  s i t e  has been s tu d ie d  by ch em ica l m o d if ic a t io n  o f  th e  amino 
a c id s  co n sid er e d  to  be p o t e n t ia l  ir o n  l ig a n d s . These were c o n s id er e d  
by R i l l  and K lo tz  (1970) t o  in c lu d e  e le v e n  l y s i n e s ,  s i x  g lu ta m ic  a c id s ,  
e le v e n  a s p a r t ic  a c id s ,  sev en  h i s t i d i n e s ,  f i v e  t y r o s in e s ,  one m eth io n in e , 
one c y s t e in e ,  and th e  am ino- and c a r b o x y l- te r m in a l r e s id u e s .  F u n ctio n a l  
groups w hich cou ld  be m o d ified  w ith o u t d e s tr o y in g  th e  a c t iv e  c e n te r  were 
c o n s id er e d  n o t to  be in v o lv e d  in  ir o n  b in d in g , w h ile  th o se  w hich when 
m o d ified  were accom panied by d e s tr u c t io n  o f  the ir o n  b in d in g  s i t e  were  
c o n s id er e d  to  be "probable" ir o n  l ig a n d s .  Amino a c id  s id e  ch a in s whose 
m o d if ic a t io n  r e s u lt e d  in  d i s s o c ia t io n  o f  o lig o m e r ic  hem erythrin  were 
conclu ded  to  be on or near th e  su b u n it i n t e r f a c e s .
N a tiv e  su b u n its  have been  produced by th e  ch em ica l m o d if ic a t io n  
o f  th e  s u l fh y d r y l  group in  th e  co e lo m ic  h em eryth rin  o f  (5. g o u ld i i  (K lo tz  
and K er e sz te s -N a g y , 1962) and .D. p y r o id e s  ( F e r r e l l  and K it t o ,  1 9 7 0 ).
This a l s o  appeared to  be tru e  fo r  I), p y r o id e s  v a s c u la r  hem erythrin  
(K lip p e n s te in  el: a l . , 1 9 7 2 ). A lthough b oth  th e  s u lfh y d r y l  groups o f  I). 
p y ro id es  m yohem erythrin r e a c te d  w ith  sodium  £ -h y d ro x y m ercu r ib en zo a te , 
th e  m o lecu la r  w e ig h t o f  t h i s  hem erythrin  rem ained unchanged (K lip p e n s te in  
e t  ail. , 1 9 7 2 ). M yohemerythrin was conclu ded  to  be a monomeric hemery­
th r in  la c k in g  a quaternary  s t r u c t u r e .  The two c y s te in e s  in  th e  myo­
hem erythrin  prim ary s tr u c tu r e  (C o te , 1973) are lo c a te d  w e l l  away from  
th e  s in g le  c y s te in e  in  the prim ary s tr u c tu r e  o f  JG. g o u ld i i  coe lom ic
4h em eryth rin  (K lip p e n s te in  e t  a l . , 1 9 6 8 ).
A fte r  r e a c t in g  a l l  th e  ca rb o x y l groups in  JS. g o u ld i i  hem erythrin  
w ith  g ly c in e  m ethyl e s t e r ,  th e  a c t iv e  s i t e  rem ained i n t a c t .  However, 
r e a c t in g  as few as 8 o f  th e  18 ca rb o x y l groups p r e s e n t  produced monomer. 
S in ce  some octam er had more groups r e a c te d  than some o f  th e  monomer 
p r e s e n t ,  i t  was conclu ded  th a t  e l e c t r o s t a t i c  r e p u ls io n  was n o t  the  
cause o f  monomer p r o d u c tio n . Carboxyl groups were concluded  n ot to be 
in v o lv e d  in  the b in d in g  o f  ir o n  in  h em ery th rin , a lth ou gh  one ca rb o x y l 
was su sp e c te d  o f  b e in g  in v o lv e d  in  su b u n it  in t e r a c t io n s  (K lip p e n s te in ,  
1972b ).
M o d if ic a t io n  o f  a l l  th e  ly s in e s  o f  G>. g o u ld i i  oxyhem erythrin  
w ith  t r in i t r o b e n z e n e s u lfo n ic  a c id  seem ed to  e lim in a te  th e se  s id e  ch a in s  
as p o t e n t ia l  ir o n  l ig a n d s ,  s in c e  ir o n  lo s s  d id  n ot occu r (Fan and York,
1 9 6 9 ). S im ila r  r e s u l t s  have been re p o r te d  u s in g  m ethyl a c e t im id a te ,  
s u c c in ic  an h yd rid e , or m a le ic  anhydride to  b lo c k  a l l  the l y s i n e s  in  
m etazid eh em eryth rin  monomer. In  a d d it io n , the N -term in a l g ly c in e  was 
b lo ck ed  s im u lta n e o u s ly . A la c k  o f  s i g n i f i c a n t  change in  th e  u v - v i s i b l e  
(3 0 0 -6 0 0  nm) and c ir c u la r  d ic h r o ic  (300-550  nm) s p e c tr a  in d ic a te d  th a t  
n e i t h e r  th e  N -term in us n or th e  ly s in e s  w ere in v o lv e d  in  b in d in g  th e  
ir o n  (M o rr issey , 1 9 7 1 ). S u c c in y la t io n  o f  m etazid eh em eryth rin  octam er  
r e s u lt e d  in  t o t a l  c o n v e r s io n  to  monomer when 9 amino groups were modi­
f i e d  (G arb ett e t  a l . , 19 7 1 a ); how ever, th e  monomer produced was probab ly  
due to  th e  b lo c k in g  o f  th e  c y s te in e  w hich a ls o  r e a c ts  w ith  s u c c in ic  
anhydride (K eresz tes-N a g y  and K lo tz , 1 9 6 5 ).
With p a r t  o f  th e  amino groups o f  hem erythrin  monomer b lo c k e d ,  
up to  70% o f  th e  m eth io n in e  cou ld  be s e l e c t i v e l y  m o d ified  w ith  io d o -  
acetam id e a t  pH 5 .5  w ith o u t  ir o n  l o s s ,  a lth ou gh  some p r e c ip i t a t io n  d id
5o ccu r . M eth ion in e was n ot in v o lv e d  in  b in d in g  th e  ir o n  o f  (3. g o u ld i i  
co e lo m ic  h em eryth rin  b ut appeared to  p la y  a r o le  in  th e  m aintenance o f  
t e r t ia r y  s tr u c tu r e  (M o r r isse y , 1 9 7 1 ). S in ce  th e re  i s  o n ly  one m eth io ­
n in e  in  th e  prim ary s tr u c tu r e  o f  G^. g o u ld i i  co e lo m ic  hem erythrin  
(K lip p e n s te in  £ t  a l . , 1 9 6 8 ) , and i t  appears to  be e s s e n t i a l  in  th e  
m aintenance o f  t e r t ia r y  s tr u c tu r e  (M o r r isse y , 1 9 7 1 ) , the p r e s e r v a t io n  
o f  m eth io n in e  a t  t h i s  p o s i t i o n ,  6 2 , would be e x p e c te d  in  o th er  hemery­
th r in s  o f  d i f f e r e n t  amino a c id  c o m p o sit io n s . M eth ion ine i s  p r e serv ed  
a t  p o s i t i o n  62 in  th e  monomeric m yohem erythrin o f  I), p y r o id e s  (C o te , 
1 9 7 3 ). T his s u g g e s ts  th a t  m eth ion in e  can be e x p e c te d  a t  p o s i t io n  62 in  
th e  prim ary s tr u c tu r e  o f  ]?. a g a s s i z i i  c o e lo m ic  h em ery th rin .
Two h i s t i d i n e s  were r e a d i ly  b lo ck ed  in  oxyhem erythrin  octam er  
w ith  1 - d ia z o - H - t e t r a z o le  y i e ld in g  b i s - d ia z o  h i s t i d i n e  r e s id u e s ,  and a 
th ir d  r e a c te d  more s lo w ly ,  w h ile  in  monomer a l l  th r ee  r e a c te d  r e a d ily  
w ith  t h i s  r e a g e n t. A l l  th e  h i s t i d i n e s  in  apohem erythrin  r e a c te d  
r e a d i ly  w ith  t h i s  r e a g e n t . Four h i s t i d i n e s  w ere conclu ded  to  be in ­
v o lv e d  in  b in d in g  th e  ir o n  in  G. g o u ld i i  h em ery th r in , and a f i f t h  to  be 
lo c a te d  n ear th e  su b u n it  b in d in g  s i t e  (Fan and York, 1 9 6 9 ). The r e a c ­
t io n  o f  h i s t i d i n e  w ith  iod oacetam id e  in  p a r t i a l l y  amino m o d ified  (3. 
g o u ld i i  m etaz id eh em eryth rin  monomer has shown th a t  1 .2  h i s t i d i n e s  
r e a c te d  b e fo r e  d e s tr u c t io n  o f  the a c t iv e  s i t e  began . An a d d it io n a l  0 .7  
h i s t i d i n e s  had a lre a d y  been m o d ified  d u rin g  th e  p r io r  s u c c in y la t io n  or  
m a le y la t io n  o f  th e  amino groups (M o r r isse y , 1 9 7 1 ). Sequence s tu d ie s  
in d ic a t e d  th a t  h i s t i d i n e s  34 , 82 , and e i t h e r  73 or  77 had been  p a r t ia l l y  
m o d ified  w ith  io d o a c eta m id e . The h i s t i d i n e  a t  p o s i t io n  82 i s  r e p la c e d  
in  a v a r ia n t  h em eryth rin  by a sp a ra g in e  (K lip p e n s te in , 1972a) w h ile  th e  
o th e r  h i s t i d i n e s  rem ain. Thus, h i s t i d i n e  82 can be e lim in a te d  as an
6ir o n  l ig a n d  on th e  b a s i s  o f  th e se  f in d in g s  as w e l l .  H is t id in e  77 was 
a p p a ren tly  s u s c e p t ib le  to  s u c c in y la t io n  d uring  th e  i n i t i a l  amino group 
m o d if ic a t io n  and t h is  r e a c t iv i t y  was thought to  e l im in a te  i t  as an ir o n  
l ig a n d  (M o r r isse y , 1 9 7 1 ).
The n i t r a t io n  o f  th e  ty r o s in e s  o f  (S. g o u ld i i  m etaz id eh em eryth rin  
w ith  te tr a n itr o m e th a n e  im p lic a te d  some o f  th e  t y r o s in e s  in  b in d in g  o f  
th e  ir o n  ( R i l l  and K lo tz , 1 9 7 0 ) . O xyhem erythrin n i t r a t e d  w ith  t e t r a ­
n itrom eth an e  a t  0° fo r  18 h r s .  had th r e e  t y r o s in e s  n i t r a t e d  and two un­
m o d if ie d . H eat denatured  h em eryth rin  had a l l  f i v e  ty r o s in e s  n i t r a t e d  
under th e  same c o n d it io n s .  P e p tid e  s t u d ie s  in d ic a t e d  th a t  t y r o s in e s  1 8 , 
70 , and p robab ly  67 had been n i t r a t e d  in  th e  oxyhem erythrin  (York and 
Fan, 19 7 1 ) . S im ila r  r e s u l t s  w ere r e p o r te d  fo r  ty r o s in e s  18 and 70 ( R i l l  
and K lo tz , 1 9 7 1 ) , w h ile  t y r o s in e s  8 , 1 0 9 , and 67 w ere c o n s id er e d  to  be  
p o t e n t ia l  ir o n  l ig a n d s . Removal o f  th e  m ec u r ip h e n y lsu lfo n a te  group from  
th e  c y s t e in e  o f  n a t iv e  n i t r a t e d  monomer a llo w ed  some r e a g g r e g a tio n  o f  
th e  s u b u n its ;  how ever, th e  se d im e n ta tio n  v a lu e  was low er than th a t  e x ­
p e c te d  fo r  octam er. The n i t r a t io n  o f  ty r o s in e s  18 and 70 had a l t e r e d  
th e  quatern ary  s t r u c t u r e ,  or h in d ered  r e a s s o c ia t io n ,  or b o th . E ith e r  
or  both  o f  th e s e  ty r o s in e s  were con clu d ed  to  be lo c a te d  in  th e  su b u n it  
b in d in g  s i t e  ( R i l l  and K lo tz , 1 9 7 1 ).
O ctam eric G^. g o u ld i i  oxyhem erythrin  w ith  95% o f  th e  l y s i n e s  modi­
f i e d  w ith  e t h y l  a c e t im id a te  was r e p o r te d  to  rem ain in  th e  oxygen ated  
o c ta m er ic  form (Fan and Y ork, 1 9 7 2 ) . Thus, i t  w ould seem  th a t  th e  
l y s i n e s  are  p robab ly  n o t in v o lv e d  in  su b u n it  i n t e r a c t io n s .
A m idinated oxyhem erythrin  octam er (G_. g o u ld i i )  had th r ee  ty r o ­
s in e s  w hich cou ld  be r e a d ily  O -a c e ty la te d  w ith  N -a c e ty l  im id a z o le  r e ­
s u l t i n g  in  th e  form ation  o f  m etc h lq r id e  monomer. Two t y r o s in e s  were
7con clu d ed  to  be in v o lv e d  as ir o n  l ig a n d s  w h ile  a t  l e a s t  one o f  th e  th r ee  
o th e r s  was b e l ie v e d  to  be in v o lv e d  in  su b u n it  in t e r a c t io n s  (Fan and York, 
1 9 7 2 ) . The s t a t u s  o f  th e  s u lfh y d r y l  group was n ot exam ined in  th e  mono­
mer produced by t h i s  m o d if ic a t io n  o f  th e  t y r o s in e s .  About 0 .5  ty r o s in e  
r e s id u e s  w ere a v a i la b le  fo r  m o d if ic a t io n  w ith  N -a c e ty l  im id a z o le  in  
m e tc h lo r id e -  and m etaz id eh em eryth rin  octam er ((i. g o u l d i i ) . The same 
r e a c t io n  in  3 M urea  r e s u l t e d  in  th e  m o d if ic a t io n  o f  th r e e  t y r o s in e s  and 
th e  form ation  o f  monomer. About 0 .2 5  o f  th e  c y s te in e  s u l fh y d r y l  groups 
rem ained unm odified  (Forand, 1 9 7 3 ). W hile t y r o s in e s  1 8 , 6 7 , and 70 are  
p rob ab ly  masked by su b u n it  in t e r a c t i o n s ,  t h e ir  d i r e c t  in vo lvem en t in  
th e se  in t e r a c t io n s  has y e t  to  be p roven . Two t y r o s in e s ,  8 and 1 0 9 , are  
p rob ab ly  in v o lv e d  as l ig a n d s  o f  ir o n .
A com parison o f  th e  a c id -b a s e  t i t r a t i o n  curves o f  G. g o u ld i i  
m etazid eh em eryth rin  octam er and monomer has shown s e v e r a l  o f  th e  ly s in e s  
and a s p a r t ic  o r  g lu ta m ic  a c id  r e s id u e s  to  be more e a s i l y  t i t r a t e d  in  
th e  monomer than in  th e  octam er. T his s u g g e s te d  th a t  th e se  groups were  
in v o lv e d  in  in te r s u b u n it  s a l t  b r id g e s  (M o r r is se y , 1971) or  th ey  may 
s im p ly  be masked by su b u n it  i n t e r a c t io n s .
B ased on th e  e v id e n c e  a v a i la b l e , i t  appears th a t  th e  two ir o n s  
in  th e  a c t iv e  c e n te r  o f  G. g o u ld i i  c o e lo m ic  h em erythrin  are  bound to  
t y r o s in e s  8 and 109 , and to  h i s t i d i n e s  2 5 , 5 4 , 73 , and 101. These 
r e s id u e s  are  p r e ser v e d  in  th e  prim ary s t r u c tu r e  o f  D. p y r o id e s  myo­
h em eryth rin  w hich d i f f e r s  g r e a t ly  in  o v e r a l l  amino a c id  co m p o sitio n  and 
seq u en ce from  G. g o u ld i i  co e lo m ic  h em ery th r in . However, ty r o s in e  67 
and h i s t i d i n e  77 are p r e ser v e d  in  th e  prim ary s tr u c tu r e  o f  I), p y ro id es  
m yohem erythrin (C o te , 1 9 7 3 ) . A nonhom ologous s u b s t i t u t io n  fo r  th e se  
r e s id u e s  in  an o th er  h em ery th r in , such  as ]?. a g a s s i z i i  co e lo m ic  hem ery-
8t h r in ,  would e lim in a te  them as p o t e n t i a l  ir o n  l ig a n d s  w ith  c e r t a in t y .
C y ste in e  has been  im p lic a te d  in  su b u n it in t e r a c t io n s  or e l s e  i s  
very  c lo s e  to  th e  su b u n it  b in d in g  s i t e  in  two co e lo m ic  and one v a s c u la r  
h em eryth rin  (G. g o u ld i i  co e lo m ic  and JD. p y r o id e s  b o th  t y p e s ) . At l e a s t  
one ca rb o x y l and p o s s ib ly  one or  more ty r o s in e s  and ly s i n e s  appear to  
be in v o lv e d  in  th e  su b u n it  in t e r a c t io n s  o f  G_. g o u ld i i  co e lo m ic  hemery­
t h r in .
The u v - v i s i b l e  s p e c tr a  o f  G. g o u ld i i  oxyhem erythrin  and v a r io u s  
m ethem erythrin  l ig a n d  forms are shown in  F ig . 1 (K eresz tes-N a g y  and 
K lo tz , 1 9 6 5 ). The v i s i b l e - n e a r  v i s i b l e  a b so r p tio n  band (350 -500  nm) o f  
th e se  l ig a n d  forms was a s s ig n e d  to  a charge tr a n s fe r  from th e l ig a n d  to  
th e  ir o n  ( F e ( l I I ) ) .  A nother s tr o n g  a b so r p tio n  band around 330 nm was 
a s s ig n e d  to  th e  oxo b r id g e  betw een th e  two ir o n s  on th e  b a s i s  o f  th e  
spectrum  o f  a known oxo b r id g ed  m odel compound (K eresz tes-N a g y  and 
K lo tz , 1 9 6 5 ).
S tu d ie s  on th e  a c t iv e  s i t e  o f  hem eryth rin  by M Sssbauer s p e c tr o s ­
copy and m agn etic  s u s c e p t i b i l i t y  m easurem ents have a llo w ed  a number o f  
c o n c lu s io n s  to  be drawn co n cern in g  th e  s tr u c tu r e  o f  th e  a c t iv e  c e n te r  
o f  J3. g o u ld i i  h em ery th rin .
I n i t i a l  M ossbauer s t u d ie s  showed th a t  the ir o n s  o f  hem erythrin  
w ere n ear enough to  i n t e r a c t  w ith  one a n o th er . The ir o n  in  deoxyhem ery- 
t h r in  was found to  be in  th e  F e ( I I )  h ig h  s p in  o x id a t io n  s t a t e .  Only one 
ir o n  environm ent was p r e s e n t  w ith  b o th  n itr o g e n  and oxygen lig a n d s  s u s ­
p e c te d  in  deoxyh em eryth rin . M ethem erythrin was con clu d ed  to  have a n t i -  
f e r r o m a g n e t ic a l ly  cou p led  ir o n s  w hich w ere in  the F e ( I I I )  h ig h  s p in  
o x id a t io n  s t a t e  (Okamura e t  a l . , 1969; G arb ett e t  a l . , 1971b ).
A fu r th e r  e x te n s iv e  M ossbauer stu d y  on m odel compounds, and the
F igu re 1 The a b so r p tio n  s p e c tr a  o f  v a r io u s  G. g o u ld i i  c o e lo m ic  hemery­
th r in  l ig a n d  forms from 300-600 nm (K eresz tes-N a g y  and K lo tz ,  
1 9 6 5 ) .
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v a r io u s  l ig a n d  forms o f  h em ery th r in , r e s u lt e d  in  th e  p r o p o sa l o f  th e  
a c t iv e  s i t e  com plexes shown in  F ig . 2 (G arb ett e £  a l . , 1969) . The ir o n  
in  m ethem erythrin  and deoxyhem erythrin  was found to  be in  e q u iv a le n t  
s t a t e s ;  how ever, th e  s t a t e s  w ere d i f f e r e n t  fo r  th e  two c la s s e s  o f  pro­
t e i n .  O xyhem erythrin had a n t if e r r o m a g n e t ic a lly  cou p led  ir o n  in  two 
n o n e q u iv a le n t s t a t e s  (F ig . 3 a , G arbett e t  a l . , 1969; York and B earden, 
1 9 7 0 ).
A b sorp tion  s p e c tr a  and M ossbauer d a ta  from o x yh em ery th rin , and 
m odel compounds, p rov id ed  e v id e n c e  fo r  an oxo b r id g e  betw een  th e  two 
ir o n  atoms a t  the a c t iv e  s i t e .  C ir c u la r  d ic h r o ic  s p e c tr a  o f  v a r io u s  
m ethem erythrin  lig a n d  forms have r e v e a le d  two c la s s e s  o f  s p e c tr a . Some 
l ig a n d s  c o o r d in a te  v i a  a b r id g in g  s tr u c tu r e  u t i l i z i n g  one m o lecu le  per  
a c t iv e  s i t e  w h ile  o th e r  lig a n d s  c o o r d in a te  in  a non b r id g in g  manner, 
one p er  ir o n  ( s e e  F ig . 2 ,  G arb ett e t  al . ,  1 9 6 9 ).
The O2 2  p ero x id e  ty p e  e le c t r o n ic  s t a t e  in  oxyhem erythrin  has 
been v e r i f i e d  by l a s e r  reson an ce  Raman s p e c tr o s c o p y . Bands were ob­
se r v e d  a t  844 and 500 cm-1  w hich w ere a s s ig n e d  to  the 0 -0  and Fe-0  
s t r e t c h in g  modes. These bands w ere n o t p r e se n t  in  d eoxyhem erythrin .
When 1802 was s u b s t i t u t e d  fo r  160 2 , the p o s i t io n  o f  th e  bands s h i f t e d  
w hich confirm ed  t h e ir  i d e n t i f i c a t i o n .  The wavenumber o f  th e  0 -0  s t r e t c h  
was n e a r ly  i d e n t i c a l  w ith  th a t  o f  a known p e r o x id e  compound. One type  
o f  O2  s p e c ie s  appeared to  be p r e s e n t  (Dunn e t  a l . , 1 9 7 3 ).
Room tem perature m agn etic  s u s c e p t i b i l i t y  d e ter m in a tio n s  on deoxy­
hemery th r in  have shown fo u r  im paired  e le c tr o n s  to  be p r e s e n t . T h is , 
a lo n g  w ith  M ossbauer e v id e n c e , c o n c lu s iv e ly  dem onstrated  th a t  th e  ir o n  
in  deoxyhem erythrin  was in  the F e ( I I )  o x id a t io n  s t a t e  (York and B earden,
1 9 7 0 ). The u se  o f  an u l t r a s e n s i t i v e  m agnetom eter to  stu d y  m etaquo- and
F igu re  2 Proposed  h em eryth rin  a c t iv e  s i t e  com plexes and an o x y g en a tio n  
mechanism b ased  on M ossbauer sp e c tr o sc o p y  and c ir c u la r  d ic h r o ic  
s tu d ie s  (G arb ett e t  a l . ,  1 9 6 9 ).
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F ig u re  3a: The a c t iv e  s i t e  o f  co e lo m ic  G. g o u ld i i  oxyhem erythrin  which
r e f l e c t s  th e  a n t if e r r o m a g n e t ic a l ly  cou p led  ir o n  in  th e  two 
n o n -e q u iv a le n t  s t a t e s  ob served  w ith  M ossbauer sp e c tr o sc o p y  
(G a rb ett ejt a l . , 1969) .
F igu re  3b: Proposed  a c t iv e  s i t e  com plexes o f  G. g o u ld i i  c o e lo m ic  hem ery-
t h r in  c o n s is t e n t  w ith  b o th  M ossbauer sp e c tr o sc o p y  and mag­
n e t i c  s u s c e p t i b i l i t y  d a ta  (Dawson e t  a l . > 1 9 7 2 ).
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oxyhem erythrin  r e v e a le d  th e  ir o n  to  be in  the F e ( I I I )  h ig h  sp in  o x id a ­
t io n  s t a t e  and a n t if e r r o m a g n e t ic a lly  c o u p led . The c o u p lin g  c o n sta n t  o f  
m etaquohem erythrin was in  th e  range fo r  a known oxo b r id g ed  m odel com­
pound. Thus, th e  s tr u c tu r e  proposed  p r e v io u s ly  (F ig . 2) was c o n s id er e d  
to  be c o n s is t e n t  w ith  th e  m agn etic  s u s c e p t i b i l i t y  d a ta . However, th e  
c o u p lin g  c o n s ta n t  fo r  oxyhem erythrin  was c o n s id er e d  to  be to o  la r g e  fo r  
a doub le b r id g ed  s t r u c t u r e .  S e v e r a l s tr u c tu r e s  were proposed  w hich  
would be c o n s is t e n t  w ith  both  th e  m agn etic  s u s c e p t i b i l i t y  and M ossbauer 
d a ta  (F ig . 3b, Dawson e t  a l . , 1 9 7 2 ) .
An o c ta h e d r a l ir o n  c o n f ig u r a t io n  has been assumed in  the a c t iv e  
c e n te r  o f  h em eryth rin . The e q u iv a le n t  s t a t e  o f  the ir o n s  in  th e  deoxy-  
and m ethem erythrin  l ig a n d  forms s u g g e s te d  an even  d iv i s io n  o f  th e  
p o t e n t i a l  l ig a n d s .  Thus, each ir o n  would be bound by one ty r o s in e  and 
two h i s t i d i n e s ,  w ith  an a d d it io n a l  p o s i t i o n  occu p ied  by an oxo b r id g e ,  
and an oth er  by the b in d in g  o f  oxygen or some o th er  l ig a n d  a n io n (s )  ( s e e  
F ig s . 2 and 3 ) .  F iv e  o f  th e  s i x  c o o r d in a tio n  s i t e s  p er  ir o n  can be  
accou n ted  fo r  w ith  th e  a v a i la b le  d a ta . The s ix t h  s i t e  o f  each ir o n  i s  
probably f i l l e d  w ith  a w a ter  m o le c u le .
C ir c u la r  d ic h r o ic  s p e c tr a  have been  o b ta in ed  fo r  h em erythrin s  
from a number o f  s ip u n c u lid  s p e c ie s :  Gl. g o u ld i i  (D a m a ll  e t  a l .  , 1969;
G arb ett eMt aT. , 1 9 6 9 ) , j3. nudus (B ossa  et: a l .  , 1970) , and I), p y r o id e s  
(K lip p e n s te in  et^ a l . , 1 9 7 2 ). The most im p ortan t f in d in g  from th e se  
s tu d ie s  was th e  s tr o n g  s im i la r i t y  o f  th e  s p e c tr a  below  250 nm. A l l  o f  
th e  s p e c tr a  w ere t y p ic a l  o f  a p r o te in  c o n ta in in g  a h ig h  c o n te n t  o f  a -  
h e l i x .  From th e  a b so r p tio n  v a lu e  a t  222 nm, th e  approxim ate p er c en ta g e  
o f  a - h e l i x  can be computed (£ .  g o u l d i i , 75%; _S. n u d u s, 71%; Eh p y r o id e s ; 
c o e lo m ic , 69%; v a s c u la r ,  6 6 %; and m yohem erythrin, 69%).
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There e x i s t s  in  (J. g o u ld i i  co e lo m ic  hem eryth rin  a n o n -lig a n d  
anion  b in d in g  s i t e  w hich b in d s p e r c h lo r a te  s t r o n g ly ,  n i t r a t e  m o d e ra te ly , 
and phosphate w ea k ly . Anions bound a t  t h is  s i t e  s lo w  th e  b in d in g  o f  
o th e r  an ion s a t  th e  a c t iv e  s i t e  and make th e  c y s te in e  s u lfh y d r y l  more 
d i f f i c u l t  to  c h e m ic a lly  m odify (D a r n a ll et: a l . , 1968) . I t  has been  
n o ted  th a t  the p a ir  o f  a r g in in e s  n e x t to  th e  c y s te in e  in  th e  prim ary  
s tr u c tu r e  o f  G. g o u ld i i  h em eryth rin  would be a l o g i c a l  lo c a t io n  fo r  the  
n o n -lig a n d  an ion  b in d in g  s i t e .  Furtherm ore, t h is  s i t e  was p o s tu la te d  
to  fu n c tio n  p h y s io lo g ic a l ly  by b in d in g  b ic a rb o n a te  io n  and a id in g  in  the  
rem oval o f  carbon d io x id e  from th e  c o e lo m ic  c a v ity  (G arb ett e_t a l ,  , 
1 9 7 1 a ). C h lor id e  io n  has a ls o  been found to  b in d  a t a n o n -lig a n d  an ion  
b in d in g  s i t e  in  (J. g o u ld i i  h em eryth rin . The b in d in g  o f  t h is  an ion  en­
hanced th e  c o n v e r s io n  o f  octam er to  monomer (Rao and K e r e sz te s -N a g y , 
1 9 7 3 ).
Most h em eryth rin s show l i t t l e  c o o p e r a t iv it y  betw een su b u n its  in  
oxygen b in d in g , in c lu d in g  P. a g a s s i z i i  co e lo m ic  hem erythrin  (M anwell, 
1 9 6 0 c ), w ith  th e  v a lu e  o f  th e  H i l l  c o e f f i c i e n t  b e in g  n ear 1 and a Bohr 
e f f e c t  b e in g  a b sen t (M anw ell, 1958, 1960b; B ates e t  a l . , 1968; F e r r e l l  
and K it t o ,  1970, D e P h il l ip s ,  1 9 7 1 ). I n t e r e s t in g ly  enough, th e  hemery­
th r in  o f  th e  b rach iop od  I., ungu is has shown a d i s t i n c t  Bohr e f f e c t ,  and 
a t  an a lk a l in e  pH ( 7 .6 )  e x h ib it e d  a d e f in i t e  c o o p e r a t iv it y  among the  
su b u n its  in  oxygen b in d in g  (M anw ell, 1 9 6 0 c ) , w h ile  th a t  o f  th e  a n n e lid  
M. p a p i l l i c o r n i s  d id  n o t show any c o o p e r a t iv it y  among th e  su b u n its  in  
oxygen b in d in g  (W ells  and D a le s , 1 9 7 4 ). The oxygen a f f i n i t y  o f  hemery­
th r in s  d i f f e r s  betw een  s p e c ie s  w ith  th e  p r o to ty p e  h em erythrin  o f  _G. 
g o u ld i i  show ing a P50  O2  = 4 mm Hg a t  25° (M anw ell, 1 9 6 3 ) , w h ile  P^ . 
a g a s s i z i i  has a P50  O2  o f  10 mm Hg under s im i la r  c o n d it io n s  (M anwell,
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1 9 5 8 ). I n t r a s p e c ie s  h em eryth rin s have a ls o  shown d i f f e r in g  oxygen a f ­
f i n i t i e s  w hich have been l in k e d  to  th e  e c o lo g y  and r e s p ir a to r y  p h y s io lo g y  
o f  the worm (M anwell, 1960b ).
The co e lo m ic  hem erythrin  o f  ]?. a g a s s i z i i  appears to  be a normal 
h em eryth rin  in  term s o f  i t s  H i l l  c o e f f i c i e n t  and la c k  o f  a Bohr e f f e c t .
I t  has a somewhat low  oxygen a f f i n i t y  (M anwell, 1958; 1 9 6 0 c ). This 
hem erythrin  w i l l  be shown to  p o s s e s s  a quaternary  s tr u c tu r e  unknown 
among hem eryth rin s and ra re  in  o th e r  p r o t e in s .  The su b u n it  in t e r a c t io n s  
o f  t h is  hem erythrin  are o f  a n o v e l  ty p e , a g a in , unknown among th e  p re­
s e n t ly  c h a r a c te r iz e d  h em ery th r in s. T his h em eryth rin  d is p la y s  g r e a t  
h e te r o g e n e ity  and has r e s i s t e d  a l l  a ttem p ts to  produce n a t iv e  s u b u n its .  
The unusual h em erythrin  o f  the brach iop od  L. ungu is a ls o  d is p la y s  a 
g r e a t  d e a l o f  h e t e r o g e n e ity .  I t  can be in fe r r e d  from  th e  d a ta  g iven  
th a t  t h is  h em erythrin  has a ls o  r e s i s t e d  a l l  a ttem p ts to  produce n a t iv e  
su b u n its  (J o s h i  and S u l l iv a n ,  1 9 7 3 ) .
There are  many q u e s t io n s  co n cern in g  h em eryth rin  th a t  rem ain to  
be answ ered. Among th e se  are th e  fo llo w in g :  w hich amino a c id s  are
in v o lv e d  in  b in d in g  th e  iron ?  Are r e g io n s  o f  amino a c id  hom ology, among 
h em eryth rin s o f  v a s t ly  d i f f e r in g  amino a c id  c o m p o s it io n s , e s s e n t i a l  fo r  
th e  t e r t ia r y  s t r u c tu r e  and m aintenance o f  th e  a c t iv e  s i t e ?  The ch arac­
t e r i z a t io n  o f  th e  unu sual h em eryth rin  o f  !P. a g a s s i z i i , the s u b je c t  o f  
t h i s  t h e s i s ,  w i l l  a id  in  p r o v id in g  answers to  th e se  q u e s t io n s .
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MATERIALS AND METHODS 
P u r i f i c a t io n  o f  H em erythrin
S ip u n c u lid  worms o f  th e  s p e c ie s  P_. a g a s s i z i i  w ere purchased  from  
P e n in su la  Marine B i o l o g ic a l s ,  Sand C ity ,  C a l i fo r n ia .  A l l  p u r i f i c a t io n  
s te p s  were c a r r ie d  out a t  5 ° .  The worms w ere cu t a lo n g  t h e ir  le n g th  and 
th e  r a p id ly  c l o t t i n g  co e lo m ic  f lu i d  c o l l e c t e d  in  3.5% NaCl. The r e s u l t ­
an t m ixtu re  was c e n tr ifu g e d  a t  480 x  g fo r  15 m in. and th e  su p ern a ta n t  
d isc a r d e d . The packed red c e l l s  w ere washed w ith  3.5% NaCl and th e  
c e n tr i fu g a t io n  r e p e a te d . Care was tak en  n o t to  break  up th e  c l o t s .  
A ttem pts to  do so  r e s u lt e d  in  prem ature red  c e l l  l y s i s  and a su b seq u en t  
l o s s  o f  h em ery th rin . The e r y th r o c y te s  w ere ly s e d  by th e  a d d it io n  o f  2 
v o l .  o f  0.4% NaCl fo llo w e d  by o v e r n ig h t  s t i r r i n g  (Subramanian e t  a l . ,  
1 9 6 8 ) . The l y s a t e  was c e n tr ifu g e d  a t  31 ,000  x g fo r  1 h r . and th e  
p e l l e t  d isc a r d e d . The su p ern a ta n t was f i l t e r e d  through Whatman n o . 1 
f i l t e r  paper to  remove a l i p i d  la y e r  and d ia ly z e d  o v e r n ig h t  a g a in s t  0 . 1  
M NaN3 to  produce m etazid eh em eryth rin  ( K eresztes-N a g y  and K lo tz ,  1 9 6 5 ). 
D ia ly s i s  a g a in s t  a b u f fe r  s o lu t io n  c o n ta in in g  no ir o n -b in d in g  a n io n s ,  
such  as 0 .1  M sodium  p h o sp h a te , pH 7 .2 ,  a llo w ed  th e  p r e s e r v a t io n  o f  the  
oxyhem erythrin  l ig a n d  form . The d ia ly z e d  su p er n a ta n t was made 50% 
s a tu r a te d  w ith  (NHtt) 2 S0i+ by a d d it io n  o f  th e  s o l i d  s a l t ,  c e n tr ifu g e d  a t
12 ,0 0 0  x g fo r  30 m in .,  and th e  p e l l e t  d is c a r d e d . The su p ern a ta n t was 
made 1 0 0 % s a tu r a te d  w ith  (NH^^SO^, a g a in  by a d d it io n  o f  th e  s o l i d  s a l t ,  
and c e n tr ifu g e d  as b e fo r e .  The r e co v ered  hem eryth rin  p e l l e t  was d i s ­
s o lv e d  in  5 v o l .  o f  0 .1  M NaN3 and d ia ly z e d  a g a in s t  0 .1  M NaN3 . The 
f i n a l  p u r i f i c a t io n  s te p  c o n s is t e d  o f  g e l  f i l t r a t i o n  on a 2 .5  x 90 cm
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Sephadex G-75 column (Pharm acia F in e  C hem icals) u s in g  a f lo w  r a te  o f  
20 m l/h r . ,  w ith  0 .1  M NaCl as th e  e lu t in g  s o lv e n t .  F r a c t io n s  o f  3 ml 
were c o l l e c t e d .
The co e lo m ic  hem erythrin  o f  in d iv id u a l  worms was exam ined by 
b le e d in g  th e  worms in t o  s e p a r a te  fu n n e ls  c o n ta in in g  pads o f  g la s s  w o o l.
The co e lo m ic  f l u i d  was c o l l e c t e d  in  screw  capped v i a l s  c o n ta in in g  1 -2  ml 
o f  3.5% NaCl. The s o lu t io n s  w ere c e n tr ifu g e d  a t  750 x g and th e  su p er ­
n a ta n t d is c a r d e d . The c e l l s  w ere washed two a d d it io n a l  tim es in  t h is  
manner. Then, 1 ml o f  0.4% NaCl was added w ith  l y s i s  ta k in g  p la c e  a t  4 ° ,  
w ith  c o n sta n t  s t i r r i n g ,  o v e r n ig h t . C e n tr ifu g a t io n  a t  2 7 ,0 0 0  x g fo r  1 
h r . fo llo w e d . The r e co v ered  su p e r n a ta n ts  o f  oxyhem erythrin  w ere char­
a c te r iz e d  by t h e ir  d i s c  g e l  e le c t r o p h o r e t ic  p a t t e r n s ,  p o o le d  by c l a s s ,  
d ia ly z e d  a g a in s t  0 . 1  M NaN3 , c o n c e n tr a te d  by p r e ssu r e  f i l t r a t i o n ,  and 
f i n a l l y ,  th e  c la s s e s  w ere p u r i f ie d  by g e l  f i l t r a t i o n  on a Sephadex G-75 
colum n, 2 .5  x 60 cm, u s in g  a 20 m l/h r . f lo w  r a te  o f  0 .1  M sodium  p h os­
p h a te  b u f f e r ,  pH 7 .2 ,  c o l l e c t i n g  3 ml f r a c t io n s .  D isc  g e ls  w ere then  
run on sam ples o f  each  p u r i f ie d  h em eryth rin  c l a s s .
P u r i f i c a t io n  o f  M yohem erythrin
The m yohem erythrin o f  P_. a g a s s i z i i  was i s o l a t e d  b a s i c a l l y  f o l ­
lo w in g  th e  procedure o f  K lip p e n s te in  e t  a l .  (1 9 7 2 ) . The m u scles o f  
about 100 la r g e  worms were e x c is e d ,  washed w ith  3.5% NaC l, immersed in  
0 .1  M NaN3 , and s to r e d  fr o z e n  u n t i l  p r o c e ss e d . A l l  i s o l a t i o n  p roced u res  
w ere perform ed a t  about 4 ° . The m u scles were th orou gh ly  m inced w ith  a 
t i s s u e  hom ogenizer in  1 8 .0  ml o f  0 .1  M T r is-H C l, pH 8 .0 ,  and c e n tr ifu g e d  
a t  750 x g fo r  20 m in. The su p ern a ta n t was made 0 .1  M NaN3 and 5 x 10 “ 3 M 
d i t h io e r y t h r i t o l .  This s o lu t io n  was c e n tr ifu g e d  a t  1 6 ,0 0 0  g fo r  2 h r s .
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and th e  su p ern a ta n t r e c o v e r e d . S o l id  (NHi^SO^ was added to  40% s a tu r a ­
t io n ,  the s o lu t io n  a d ju s te d  to  pH 7 .0 ,  and then  c e n tr ifu g e d  a t  12 ,000  
x g fo r  20 m in. The r e co v ered  su p er n a ta n t was made 80% s a tu r a te d  w ith  
s o l i d  (NHit) 2 S0 tt and th e  above s te p s  r e p e a te d . The su p er n a ta n t was then  
made 1 0 0 % s a tu r a te d  w ith  (NH^^SO^, a ga in  by a d d it io n  o f  th e  s o l i d  s a l t ,  
and c e n tr ifu g e d  a t  1 2 ,0 0 0  x  g fo r  30 m in. The r e co v ered  p r e c ip i t a t e d  
m yohem erythrin was d is s o lv e d  in  4 .0  ml o f  0 .1  M NaN3 and d ia ly z e d  
a g a in s t  th e  same s o lu t io n  a t  4 ° .
Standard 7% acry lam id e d i s c  g e ls  and S D S -p olyacry lam id e m o lecu la r  
w eig h t g e ls  (Weber and O sborn, 1969) w ere run on sam ples o f  t h i s  s o lu t io n .  
A fte r  d i a l y s i s  a g a in s t  0 .5  M NaCl and c o n c e n tr a t io n  by p r e ssu r e  f i l t r a ­
t io n  to  about 3 m g/m l, a se d im e n ta tio n  c o e f f i c i e n t  was determ in ed  by 
th e  method d e sc r ib e d  in  th e  fo l lo w in g  s e c t io n .
N a tiv e  O ligom eric  M olecu lar  W eight D eterm in a tio n s
The m o lecu la r  w e ig h t o f  n a t iv e  co e lo m ic  h em eryth rin  was d e te r ­
mined by Sephadex G-100 g e l  f i l t r a t i o n  (W hitaker, 1963) on a 2 .5  x  90 cm 
column. Throughout t h is  s tu d y , an a scen d in g  f lo w  r a te  o f  12 m l/h r . o f  
0 .1  M sodium  phosphate b u f f e r ,  pH 7 .2 ,  was used  and 3 ml f r a c t io n s  c o l ­
l e c t e d .  The sta n d a rd s w ere b o v in e  serum  album in and ovalbum in (b oth  
from S igm a), 8 " la c t o g lo b u l in  (Mann), sperm w h ale m yoglobin  (C a lb io ch em ), 
and g o u ld i i  m etazide'nem erythrin  monomer. A l l  sam ples pumped on to  the  
column were o f  a 3 ml v o l .  and w ere 0 .1  M in  NaN3 w hich se r v e d  as a low
m o lecu la r  w e ig h t marker o f  the column volum e. P r o te in s  w ere d e te c te d  by
t h e ir  absorbance a t  280 nm and NaN3 a t  254 nm. E lu t io n  volum es o f  th e
p r o te in s  d iv id e d  by th e  e lu t io n  volume o f  sodium  a z id e  w ere p lo t t e d
v e r su s  th e  lo g a r ith m  o f  th e  m o lecu la r  w e ig h ts  o f  th e  p r o t e in s .
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The s |o  w o f  th e  n a t iv e  co e lo m ic  h em eryth rin  was determ ined  in  a 
Beckman model E a n a ly t i c a l  u l t r a c e n t r i f u g e  (AN-D r o to r )  u s in g  S c h lie r e n  
o p t ic s .  H em erythrin c o n c e n tr a t io n s  o f  4 .4 - 1 7 .6  mg/ml in  0 .5  M NaCl 
(a d ju ste d  to  pH 7 .0  w ith  NaOH) w ere used  in  th e se  e x p e r im en ts . The runs 
were perform ed a t  5 2 ,6 4 0  rpm and 2 0 ° . A s in g le  s e c t o r  c e l l  was used fo r  
th e  co e lo m ic  h em erythrin  runs and a c a p i l la r y  ty p e  double s e c t o r  sy n th e ­
t i c  boundary c e l l  fo r  th e  m yohem erythrin run.
Denatured Subunit M olecu lar  W eight D eterm in ation s
SD S-p olyacrylam ide g e l  e le c tr o p h o r e s i s  was done a c co rd in g  to  the  
method o f  Weber and Osborn (1969) w ith  s l i g h t  m o d if ic a t io n s .  The 10 cm 
g e ls  w ere prerun fo r  30 m in. p r io r  to  sam ple lo a d in g , the trou gh  b u f fe r  
was d i lu t e d  1 : 3 ,  and th e  g e ls  run a t  5 ° .  Standards c o n s is t e d  o f  o v a l­
bum in, p e p s in  (W orth in g ton ), S - la c t o g lo b u l in , and (?. g o u ld i i  co e lo m ic  
h em eryth rin .
Iron  a n a ly s e s  w ere perform ed a cco rd in g  to  the method o f  R i l l  and 
K lo tz  (1 9 7 0 ). A stan d ard  h em erythrin  s o lu t io n  was d ia ly z e d  a g a in s t  
d e io n iz e d  d i s t i l l e d  w a ter  and th e  approxim ate h em eryth rin  c o n c e n tr a t io n  
determ ined  by m easurement o f  th e  a b so r p tio n  o f  th e  s o lu t io n  a t  2 8 0 , 326 , 
and 445 nm. One ml o f  t h is  s o lu t i o n ,  2 .5  ml o f  0.25% o y p h en a n th ro lin e  
(w /v) in  0.5% ^SO ^ (v /v )  , and 0 .5  ml o f  10% hydroxylam ine HC1 were  
m easured in t o  graduated  c e n tr ifu g e  tu b es and th e se  p la c ed  in  a b o i l in g  
w a ter  b a th  fo r  30 m in. The volume o f  each  tube was made up to  5 ml w ith  
d e io n iz e d  d i s t i l l e d  w a ter  and the tu b es c e n tr ifu g e d  a t  750 x g fo r  15 
m in. The a b so r p tio n  o f  th e  su p er n a ta n t a t  510 nm was compared w ith  th a t  
o f  a b la n k . The ir o n  c o n te n t  was then  determ in ed  from a stan d ard  cu rve. 
A liq u o ts  o f  th e  stan d ard  h em eryth rin  s o lu t io n  w ere h y d ro ly zed  and
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an a ly zed  f o r  t h e ir  t o t a l  amino a c id  c o n te n t  in  order to  o b ta in  an a c ­
c u ra te  h em eryth rin  c o n c e n tr a t io n .
Amino A cid A n a ly s i s , Tryptophan D e te r m in a tio n s , 
and C o r r e c tio n s  fo r  S e r in e  and T hreonine D egradation
Amino a c id  a n a ly se s  throughout t h i s  stu d y  w ere perform ed on a 
Beckman m odel 120C amino a c id  a n a ly z e r  (Spackman ejt a l . , 1958) . H ydrol­
y s i s  took  p la c e  in  2 ml o f  c o n s ta n t - b o i l in g  HC1, 5 .7  M, fo r  24 h r . a t  
108° in  ev a cu a ted  g la s s  tu b e s . A drop o f  0 .5  M h y d ra z in e  was added to  
each sam ple p r io r  to  h y d r o ly s is  to  p r ev en t ty r o s in e  d e s tr u c t io n  (Sanger  
and Thompson, 1 9 6 3 ).
Tryptophan was determ ined  s p e c tr o p h o to m e tr ic a lly  a cco rd in g  to  
th e  f o l lo w in g  method (Beaven and H o lid a y , 1 9 5 2 ). A d i lu t e  s o lu t io n  o f  
h em eryth rin  was d ia ly z e d  a g a in s t  0 .1  M NaOH o v e r n ig h t , c e n tr ifu g e d  a t
2 7 ,0 0 0  x  g fo r  1 h r . ,  and the a b so r p tio n  m easured a t  280 and 2 9 4 .4  nm 
a g a in s t  a b lan k  o f  0 .1  M NaOH. A ls o , a b so r p tio n  v a lu e s  w ere record ed  
a t  10 nm in t e r v a l s  betw een 320 and 360 nm. These l a t t e r  v a lu e s  were  
p lo t t e d  v e r su s  th e  a p p r o p r ia te  w a v e len g th s and a l i n e  e x tr a p o la te d  to  
280 nm. The r e s u l t in g  v a lu e s  fo r  l i g h t  s c a t t e r in g  were su b tr a c te d  from  
th e  m easured v a lu e s  a t  280 and 2 9 4 .4  nm. S u b s t i tu t io n  o f  th e  c o r r e c te d  
a b so r p tio n  v a lu e s  in to  th e  f o l lo w in g  e q u a tio n  a llo w ed  th e  d eterm in a tio n  
o f  th e  ty r o s in e  to  tryptophan m olar r a t io  where D eq u a led  th e  c o r r e c te d  
a b so r p tio n  v a lu e  a t  th e  s p e c i f i c  w a v e len g th .
M Tyr _ 0 ,529D 2 9 4 .4  ~ ° ' 263D2 8 0 .0  
M Trp -  0.263D 2 8 0 0  -  0 .170D 2 9 4 . 4
The number o f  r e s id u e s  o f  tryp toph an  was c a lc u la t e d  a f t e r  a d eterm in a­
t io n  o f  th e  number o f  r e s id u e s  o f  ty r o s in e  by amino a c id  a n a ly s i s .
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To c o r r e c t  fo r  the d eg ra d a tio n  o f  s e r in e  and th r e o n in e , i d e n t i ­
c a l  sam ples were h y d ro ly zed  fo r  2 4 , 48 , and 72 h r . and a n a ly z ed . The 
lo g a r ith m s o f  th e  s e r in e  and th r e o n in e  c o n c e n tr a t io n s  were p lo t t e d  
v e r su s  th e  corresp o n d in g  h y d r o ly s is  tim es and a l i n e  e x tr a p o la te d  to  
zero  h y d r o ly s is  tim e .
A b sorp tion  M easurements
I n d iv id u a l  a b so r p tio n  m easurem ents fo r  th e  ir o n  a n a ly s e s ,  
tryp toph an  d e te r m in a tio n s , Amido Schw artz s t a i n  q u a n t i t a t io n s ,  and th e  
e x t in c t io n  c o e f f i c i e n t s  were taken on a Beckman DU-2 sp ec tro p h o to m eter . 
A b sorp tion  s p e c tr a  w ere record ed  on a H ita c h i P erk in-E lm er 124 or a Cary 
15 doub le beam sp ec tr o p h o to m ete r . The flo w  from the 8  M urea DEAE- 
c e l l u l o s e  column was m on itored  c o n tin u o u s ly  u t i l i z i n g  a flo w  c e l l  and a 
G ilfo r d  sp e c tr o p h o to m ete r , m odel 222-A . The c ir c u la r  d ich ro ism  spectrum  
o f  P^ . a g a s s i z i i  h em eryth rin  from  200-250 nm was record ed  on a Cary m odel 
60 S p e c tr o p o la r im e te r . A m etazid eh em eryth rin  s o lu t io n  c o n ta in in g  0 .5 3 5  
mg/ml in  0 .1  M NaCl, pH 7 .0 ,  was used  fo r  th e s e  m easurem ents in  a q u artz  
c e l l  o f  0 .0 5  cm p a th le n g th .
C r o s s - l in k in g  w ith  D im ethyl Sub erim idate
N a t iv e , p o o led  P_. a g a s s i z i i  hem erythrin  was c r o s s - l in k e d  w ith  
d im eth y l su b er im id a te  (P ie r c e  l o t  2 2 2 3 -4 ) a t  a p r o te in  c o n c e n tr a t io n  o f  
3 .3 5  mg/ml and e i t h e r  3 .3 5  or 6 .7  mg/ml o f  th e  c r o s s - l in k in g  rea g en t  
(Brown e t  a l . , 1 9 7 3 ). The r e a c t io n  was c a r r ie d  out in  a 0 .2  M t r i -  
eth anolam ine-H C l b u f f e r ,  pH 8 .5 ,  a t  4° w ith  c o n s ta n t  s t i r r i n g  fo r  24 or  
48 h r . Any p r e c ip i t a t e d  p r o te in  was removed by c e n tr i fu g a t io n .  The 24 
h r . r e a c t io n  m ixtu res w ere d ia ly z e d  a g a in s t  0 .0 1  M sodium  phosphate
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b u f f e r ,  pH 7 .0 ,  c o n ta in in g  1% SDS (w /v ) and 1% B -m ercap toeth an ol ( v / v ) , 
and th e  48 h r . r e a c t io n  m ix tu res  w ere m ixed 1 :1  w ith  th e  same b u f f e r .  
A fte r  in c u b a tio n  a t  37° fo r  2 h r . , SD S-p olyacrylam ide g e l  e le c tr o p h o r e ­
s i s  was perform ed.
A n a ly t ic a l  and P r e p a r a tiv e  D isc  G el E le c tr o p h o r e s is
A n a ly t ic a l  d i s c  g e l  e le c tr o p h o r e s i s  on 7% acry lam id e g e ls  was 
a cco rd in g  to  D avis (1 9 6 4 ) . Sam ples mixed w ith  40% su c r o se  w ere la y e r e d  
d i r e c t ly  on th e  s ta c k in g  g e l  and th e  r e s e v o ir  b u f fe r  la y e r e d  ov er  th e  
sam ple. The g e ls  w ere run a t  3 .5  m A /gel a t 4 ° . Some g e ls  were s ta in e d  
fo r  ir o n .
The ir o n  s p e c i f i c  s t a in  (C analco) was made up j u s t  p r io r  to  use  
from th ree  s to c k  s o lu t io n s .  The s t a i n  s o lu t i o n s ,  2 .4  M sodium  a c e ta te  
b u f f e r ,  pH 4 .7 5 ,  10% w /v  hydroquinone in  a b s o lu te  e th a n o l ,  and 0.25% w /v
2 ,4  d i n i t r o s o - 1 ,3 -n a p th a le n e d io l  in  a b s o lu te  e th a n o l ,  were m ixed 2 0 :1 :1  
j u s t  p r io r  to  u s e . P a le  green  bands ap p earin g  in  30-45 m in. in d ic a te d  
th e  p r e sen ce  o f  ir o n . Brown f a l s e  bands ap p earin g  a f t e r  s e v e r a l  hours 
w ere due to  the p r e se n c e  o f  p r o t e in .
P r e p a r a tiv e  d i s c  g e l  e le c t r o p h o r e s i s  was perform ed in  a Canalco  
PD2/320 ap p ara tu s. A 6  cm s e p a r a t in g  g e l ,  10% in  acry lam id e (Canalco  
P rep -C ry l) and 0.03% N ,N '-m e th y le n e b isa c r y la m id e , a 1 cm s ta c k in g  g e l  
3.5% in  acry lam id e  and 0.0625% N ,N '-m e th y le n e b isa c r y la m id e , and a 0 .0 3 7 5  
M T ris-H C l e lu t io n  b u f f e r ,  pH 8 . 8 - 9 . 0 ,  w ere used in  th e se  ex p e r im en ts . 
(The form ulae fo r  the s to c k  s o lu t io n s  used  to  prep are th e se  g e ls  can be 
found in  th e  P r e p -D isc  I n s tr u c t io n  Manual a v a i la b le  from th e  Canal 
I n d u s t r ia l  C o r p o ra tio n .)
H em erythrin sa m p le s , 30-50  mg, w ere prepared  by o v e r n ig h t
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d i a l y s i s  a g a in s t  d e io n iz e d  d i s t i l l e d  w a te r . A drop o f  0.05% brom phenol 
b lu e  and s o l i d  su c r o se  (20-30% w /v ) were added to  the sam ple fo r  a t o t a l  
volume o f  10 -20  m l. This s o lu t io n  was la y e r e d  d ir e c t ly  on the s ta c k in g  
g e l  and e le c tr o d e  b u f f e r  la y e r e d  over  i t .  The column was c o o le d  to  
about 4° throughout th e  e le c t r o p h o r e s i s  run and the f r a c t io n s  were  
c o l l e c t e d  a t  t h is  tem p eratu re . An i n i t i a l  c o n sta n t  c u rren t o f  10 mA 
was a p p lie d  to  th e  column u n t i l  th e  hem erythrin  had e n te r e d  th e  s ta c k in g  
g e l  and th en  a cu rren t o f  20 -25  mA was m ain ta in ed  fo r  th e  rem ainder o f  
th e  run. A 60 m l/h r . f lo w  r a te  o f  e lu t io n  b u f fe r  was used  in  the  
i n i t i a l  exp er im en t c o l l e c t i n g  2 ml f r a c t io n s .  T h e r e a fte r , th e  flo w  
r a te  was v a r ie d  to  o p tim iz e  th e  s e p a r a tio n  o f  the v i s i b l y  e lu t in g  hemery­
th r in  band s. The 60 m l/h r . f lo w  r a te  was low ered  to  30 m l/hr. du rin g  th e  
e lu t io n  o f  band 1 . Bands 2 -8  w ere c o l l e c t e d  a t 30 m l/h r . w ith  a flow  
r a te  o f  120 m l/h r . betw een bands to  m inim ize c r o ss -c o n ta m in a tio n . Be­
tween bands 8  and 9 a f lo w  r a te  o f  60 m l/h r . was m a in ta in ed , w ith  band 
9 b e in g  c o l l e c t e d  a t 15 m l/h r . The brom phenol b lu e  was e lu te d  in  4 - 5 .5  
h r . and th e  f i n a l  h em eryth rin  band in  14-16  h r . Peaks w ere lo c a t e d  by 
t h e ir  a b so r p tio n  a t  280 nm.
Peak f r a c t io n s  w ere a ssa y ed  fo r  hom ogeneity  on a n a ly t i c a l  g e ls  
i d e n t i c a l  in  co m p o sitio n  and le n g th  to  th o se  used fo r  the p r e p a r a tiv e  
d is c  e l e c t r o p h o r e s i s .  The same peak f r a c t io n s  w ere a ls o  a ssa y ed  on 7% 
acry lam id e  g e l s , 8  M in  u rea . These sam ples w ere prepared  by an o v er ­
n ig h t  d i a l y s i s  a g a in s t  a 0 .0 2 5  M sodium  phosphate b u f f e r ,  pH 7 .2 ,  a t  4° 
and then  m ixed w ith  s o l i d  urea  u n t i l  8  M, and f i n a l l y  in cu b a ted  fo r  2 h r . 
a t  2 0 -2 5 ° . Loading o f  sam ples on th e  g e l s  and running c o n d it io n s  were  
as p r e v io u s ly  d e s c r ib e d . The g e ls  were s ta in e d  w ith  0.5% (w /v) Amido 
Schw artz (C olor  Index  n o . 20470) in  7% a c e t i c  a c id  and d e s ta in e d  e l e c t r o -
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p h o r e t ic a l ly  o r  by d i f f u s io n  in  7% a c e t i c  a c id . The th r e e  m ajor bands 
in  th e  8  M u rea  g e ls  w ere c u t  o u t , hom ogenized , and e lu te d  w ith  0 .1  M 
NaOH a t  37° w ith  c o n s ta n t  a g i t a t io n .  The f i n a l  volume was a d ju s te d  to
1 .5  m l/band r e g a r d le s s  o f  th e  s i z e  o f  th e  g e l  s l i c e .  The e lu te d  s t a i n  
was q u a n t ita te d  by i t s  absorbance a t  620 nm.
P r e p a r a tiv e  e le c t r o p h o r e s i s  was a l s o  used fo r  the i n i t i a l  sub­
u n it  s e p a r a t io n s .  The c o n d it io n s  fo r  th e se  runs were as p r e v io u s ly  
d e sc r ib e d  w ith  th e  fo l lo w in g  e x c e p t io n s .  The s e p a r a t in g  g e l  was 7.5% in  
acry lam id e and b o th  th e  s e p a r a t in g  and s ta c k in g  g e ls  were 8  M in  u rea .
The sam ple s o lu t i o n ,  about 80 mg o f  h em ery th r in , was d e io n iz e d  by 
p a s s in g  i t  through a column o f  A m b erlite  (M a llin c k r o d t)  MB-1 io n  e x ­
change r e s in .  A drop o f  0.05% brom phenol b lu e  and s o l i d  urea  were added 
to  the sam ple to  make a t o t a l  volume o f  10 ml w hich was 8  M in  u rea .
This s o lu t io n  was in c u b a ted  fo r  2 h r . a t  37° p r io r  to  e le c t r o p h o r e s i s .
The f lo w  r a te  was a c o n s ta n t  60 m l/h r . c o l l e c t i n g  2 ml f r a c t io n s  a t  room 
tem p eratu re . T o ta l p r o t e in  reco v e r y  was e s t im a te d  s p e c tr o p h o to m e tr ic a l ly  
a t  280 nm. A l l  o f  th e  f r a c t io n s  r e p r e s e n t in g  su b u n it typ e  D, 5 5 -7 0 , th e  
le a d in g  edge o f  ty p e  C, 8 2 -9 4 , and th e  t r a i l i n g  ed ges o f  su b u n it  ty p es  
B, 1 2 0 -1 5 0 , and A, 1 8 7 -2 4 8 , w ere p o o le d  and a l iq u o t s  w ere run on a n a ly t ­
i c a l  g e l s ,  8  M in  u r e a , to  a ssa y  th e  p u r ity  o f  th e  p o o led  f r a c t io n s .  
A d d it io n a l a l iq u o t s  were h y d r o ly z ed  and an a ly zed  fo r  amino a c id  com posi­
t io n .
I s o e l e c t r i c  F o cu sin g  on A crylam ide G els
G el i s o e l e c t r i c  fo c u s in g  was b ased  on the method o f  W rigley  
(1 9 6 8 ) . The g e ls  c o n ta in e d  7% a c r y la m id e , 0.16% N ,N '-m e th y le n e b is a c r y l-  
am ide, and 2 to  4% am pholytes (LKB P roduk ter AB, Bromma, Sweden) o f  the
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d e s ir e d  pH ra n g e . Samples w ere m ixed w ith  th e  g e l  s o lu t io n  p r io r  to  
p h o to p o ly m e r iza tio n  w hich was c a ta ly z e d  by 0.0006% r ib o f la v in .  In some 
e x p e r im en ts , th e  g e ls  c o n ta in e d  8  M u rea . The c a th o ly te  c o n s is t e d  o f  
0 .0 2  M NaOH and th e  a n o ly te  0 .0 1  M ^P O ^. The low er b u f fe r  chamber was 
c o o le d  by a f lo w  o f  tap w a ter  and th e  g e ls  run a t 1 m A/gel u n t i l  400 V 
had been  reach ed . Then, a c o n s ta n t  400 V was a p p lie d  to  th e  g e ls  fo r  
about 6  h r . Washing in  5% (w /v ) t r i c h lo r o a c e t i c  a c id  f ix e d  th e  p r o te in  
bands in  th e  g e ls  and removed th e  am pholytes p r io r  to  s t a in in g  w ith  0.5% 
Amido Schw artz in  7% a c e t i c  a c id  (w /v) fo r  1 to 2 h r . One g e l  from each  
experim en t was n ot p la c e d  in  5% t r i c h lo r o a c e t i c  a c id  but was cu t in to  
5 mm s l i c e s  and each  o f  th e s e  p la c e d  in  d e io n iz e d  d i s t i l l e d  w a ter  and 
a llo w ed  to  s ta n d  o v e r n ig h t a t  room tem p eratu re . A p lo t  o f  th e  pH o f  th e  
r e s u lt a n t  s o lu t i o n s ,  v e r su s  d is ta n c e  down the g e l  o f  the s l i c e s ,  
r e v e a le d  th e  pH g r a d ie n t  form ed d u rin g  e le c t r o f o c u s in g .  An e s t im a te  
cou ld  then  be o b ta in ed  o f  the i s o e l e c t r i c  pH o f  th e  p r o te in  band in  th e  
s ta in e d  g e l s .
Subunit S ep a ra tio n
A p o o le d  I?, a g a s s i z i i  co e lo m ic  h em eryth rin  sam p le , 19 ym oles 
(240 m g), was made 8  M in  u r e a , by a d d it io n  o f  th e  s o l i d ,  0 .0 1  M in  
T ris-H C l, pH 8 .0 ,  by th e  a d d it io n  o f  0 .1  M T ris-H C l b u f f e r ,  pH 8 .0 ,  and 
in c u b a ted  6  h r . a t  2 5 ° . The 52 ml o f  s o lu t io n  was then  a p p lie d  to  a 2 .5  
x  54 cm column o f  D E A E -ce llu lose  (Whatman, DE-52) w hich had been  e q u i l i ­
b r a ted  w ith  an 8  M u rea  0 .0 1  M T ris-H C l b u f f e r ,  pH 8 .0 .  This b u f f e r  was 
made by adding s o l i d  T r is  and c o n c e n tr a te d  h y d r o c h lo r ic  a c id  to  a s o lu ­
t io n  o f  8  M u r e a , w hich had j u s t  been d e io n iz e d  on a column o f  A m b erlite  
MB-1 io n  exchange r e s in  rem oving any c y a n a tes  p r e s e n t . The f lo w  r a te
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was 252 m l/h r . i n i t i a l l y ,  but was slow ed  to  126 m l/h r . when column p r e s ­
su re  in c r e a s e d . The su b u n it  ty p es  w ere e lu te d  w ith  a s te p w is e  g r a d ien t  
c o n s is t in g  o f  500 ml each o f  0 .0 0 4 4  M, 0 .0 3 6 6  M, and 0 .0 6 6 2  M NaCl in  
th e  T ris-H C l- 8  M urea  b u f f e r  j u s t  d e s c r ib e d . The flo w  was m onitored  
c o n t in u o u s ly  a t  280 nm and f r a c t io n s  c o l l e c t e d  when peaks appeared .
A fte r  c o l l e c t i o n ,  th e  peak f r a c t io n s  were im m ed ia te ly  d ia ly z e d  exh au s­
t i v e l y  a g a in s t  d e io n iz e d  d i s t i l l e d  w a ter  a t  4 ° .  L y o p h il iz a t io n  to  dry­
n e ss  fo llo w e d  t h is  d i a l y s i s .  The p u r ity  o f  th e  su b u n it  typ es i s o l a t e d  
was a ssa y ed  by d i s c  g e l  e le c tr o p h o r e s i s  on 7% acry la m id e  g e l s ,  8  M in  
u rea , as p r e v io u s ly  d e s c r ib e d .
C hym otryptic D ig e s t io n
A 15 ymole (190 mg) sam ple o f  P^ . a g a s s i z i i  p o o le d  co e lo m ic  
h em eryth rin  was made 6  M w ith  s o l i d  g u a n id in e  h y d r o c h lo r id e  and in c u ­
b a ted  o v e r n ig h t  a t  3 7 ° . The 26 ml o f  s o lu t io n  was th en  c o o le d  to  2 0 ° ,  
made 0 .1  M HC1, and a llo w ed  to  sta n d  1 h r . E th an o l was then  added to  
make a 50% s o lu t io n ,  and t h i s  was a llo w ed  to  s ta n d  an a d d it io n a l  h r .
The r e s u l t a n t  s o lu t io n  was e x h a u s t iv e ly  d ia ly z e d  a g a in s t  d e io n iz e d  d i s ­
t i l l e d  w a ter  a t  room tem p eratu re . The 51 ml s o lu t io n  o f  denatured  
h em eryth rin  was made 0 .1  M NHi+HC0 3  by a d d it io n  o f  th e  s o l i d  s a l t ,  ad­
j u s te d  to  pH 8 .0  w ith  NH^OH, and d ig e s te d  w ith  a-chymo tr y p s in . The a -  
chym otrypsin  (W orthington l o t  CDI 2DB, 69 y/mg) was added a t  0 and 3 h r . 
d ig e s t io n  tim e a t  1% (w/w) p er  a d d it io n . The d ig e s t io n  proceed ed  fo r  a 
t o t a l  o f  6  h r . w ith  c o n s ta n t  a g i t a t io n  a t  3 7 ° . The d ig e s t  was then  
fro z e n  and ly o p h i l iz e d  to  d ry n e ss .
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T r y p tic  D ig e s t io n
The ly o p h i l i z e d  h em eryth rin  o f  su b u n it ty p e  A was d is s o lv e d  in  
10 ml o f  0 .1  M NHtfHC0 3 , pH 8 .0 ,  and 1% (w/w) o f  TPCK tr e a te d  tr y p s in  
(W orthington l o t  34C624, 1 8 9 .9  y/mg) added to  th e  hem erythrin  s o lu t io n  
a t  0 and 3 h r . d ig e s t io n  tim e . The d ig e s t io n  took  p la c e  a t  37° w ith  
c o n sta n t  a g i t a t io n  and was term in a ted  a t  6  h r . by f r e e z in g  fo llo w e d  by 
l y o p h i l i z a t io n  to  d r y n e ss . P a rt o f  th e  ly o p h i l i z e d  m a te r ia l  was in s o lu ­
b le  upon r e su sp e n s io n  in  0 .1  M NH4HCO3 , pH 8 .0 .  The e n t ir e  m ixtu re  was 
c e n tr ifu g e d  a t  30 ,0 0 0  x  g fo r  1 h r . a t 4° and th e  su p ern a ta n t ly o p h i l i z e d .  
The p r e c ip i t a t e  was resu sp en ded  in  10 ml o f  0 .1  M NH4HCO3 , pH 8 .0 ,  and 
an a d d it io n a l  1% (w/w) o f  TPCK tr e a te d  tr y p s in  added. The d ig e s t io n  
proceed ed  fo r  6  h r . a t  37° w ith  c o n sta n t  a g i t a t io n ,  fo llo w e d  by f r e e z in g  
and l y o p h i l i z a t io n  to  d r y n e ss .
P e p tid e  Gel F i l t r a t i o n
The r e s u lt a n t  ly o p h i l iz e d  p e p t id e  m ix tu res  from each  o f  th e  
d ig e s t s  d e sc r ib e d  were d is s o lv e d  in  1 ml o f  0 .1  M NHIJHC0 3  b u f f e r ,  pH 8 .0 ,  
a l iq u o t s  taken  fo r  amino a c id  a n a ly s is  and p e p t id e  mapping, w ith  the  
rem ainder b e in g  run through a 1 .5  x 90 cm Sephadex G-15 column. The 
f lo w  r a te  was 5 -7  m l/h r . o f  0 .1  M NH4 HCO3 , pH 8 .0 ,  c o l l e c t i n g  1 .5  ml 
f r a c t io n s .  P e p tid e  peaks w ere lo c a t e d  by t h e ir  a b so r p tio n  a t  254 nm or  
2 2 0  nm when very  w eak, and then p o o le d , fr o z e n , and ly o p h i l i z e d  to  dry­
n e ss  .
Dowex-50 Chromatography
The more com plex p e p t id e  m ix tu res  from th e G-15 Sephadex column 
were se p a r a te d  by Dowex-50 c a t io n  exchange chrom atography fo l lo w in g  th e
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m ethodology o f  Schroeder (1 9 6 7 ) . Throughout th e  chrom atographic se p a r a ­
t io n s  , th e  Dowex-50 x 2 columns ( 0 .9  x 60 cm) w ere h ea ted  to  38° by a 
c ir c u la t in g  w ater  b a th . The g r a d ie n t  c o n s is t e d  o f  300 ml o f  p y r id in e  
a c e ta te  b u f f e r ,  about pH 3 .1 ,  (3 2 .2 5  ml p y r id in e  and 557 ml g l a c i a l  
a c e t i c  a c id  d i lu te d  to  2  l i t e r s )  p la c ed  in  th e  m ixing  chamber, and 600 
ml o f  p y r id in e  a c e ta te  b u f f e r ,  about pH 5 .0 ,  (3 3 2 .5  ml p y r id in e  and
28 6 .5  ml g l a c i a l  a c e t i c  a c id  d i lu te d  to  2 l i t e r s )  in  th e  r e s e v o ir  cham­
b e r . Samples were d is s o lv e d  in  2 ml o f  d e io n iz e d  d i s t i l l e d  w ater  and 
a d ju ste d  to  pH 2 .0  w ith  HC1 p r io r  to  lo a d in g  onto the column. The c o l ­
umn was pumped a t  18 m l/h r . and 1 .5  ml f r a c t io n s  c o l l e c t e d .
The f r a c t io n s  w ere a ssa y ed  by th e  a lk a l in e  h y d r o ly s is -n in h y d r in  
method o f  H irs (1 9 6 7 ). A 0 .1  ml a l iq u o t  o f  every  o th e r  f r a c t io n  was 
p la c e d  in  a t e s t  tube and ev a p o ra ted  to  dryness in  a 108° oven . Then, 
0 .1 5  ml o f  1 3 .5  M NaOH was added to  each  tube and th e  tu b es a u to c la v e d  
a t  1 2 1 ° fo r  2 0  min. a t about 2 0  p s i  r e s u l t in g  in  a lk a l in e  h y d r o ly s is  o f  
any p e p t id e  p r e s e n t . On c o o l in g ,  0 .2 5  ml o f  g l a c i a l  a c e t i c  a c id  and 0 .5  
ml o f  n in h y d r in  s o lu t io n  (Spackman e t  a l . , 1958) were added p er  tu b e , 
and th e  tu b es h ea ted  fo r  15 m in. in  a b o i l i n g  w a ter  b a th . The p e p tid e  
peaks w ere d e te c te d  v i s u a l l y .  The p e p t id e  f r a c t io n s  o f  each  peak were  
p o o led  and ly o p h i l iz e d  to  d r y n e ss .
P e p tid e  Mapping
P e p tid e  maps (Ingram , 1958) were prepared  fo r  each  o f  th e  
d i g e s t s ,  p e p t id e  f r a c t io n s  from th e  Sephadex G-15 colum ns, and fo r  each  
o f  th e  p e p t id e ( s )  i s o l a t e d  by Dowex-50 chrom atography.
L y o p h ilize d  sam ples c o n ta in in g  about 0 .2  pm oles o f  th e  p e p t id e ( s )  
were d is s o lv e d  in  0 .0 5  ml o f  a p y r id in e - a c e t ic  a c id -w a te r  b u f fe r  (133:
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4 .6 :1 ,8 6 2  v /v )  (M ich l, 1 9 5 1 ), pH 6 .4 .  The sam ple was s p o t te d  on a s h e e t  
o f  Whatman 3MM p ap er , p r e v io u s ly  m oisten ed  w ith  th e  same b u f f e r ,  and 
e le c tr o p h o r e s e d  a t  55 V/cm (3 ,0 0 0  V and 50 m A /sheet) fo r  75 m in. A fte r  
d ry in g  fo r  s e v e r a l  h o u r s , th e  s h e e t s  were chrom atographed in  a d e s­
cend ing secon d  d im ension  w ith  n - b u t a n o l-a c e t ic  a c id -w a te r  (4 0 :6 :1 5  v /v )  
fo r  16 h r .
F o llo w in g  s e v e r a l  hours o f  d r y in g , th e  p e p t id e  maps w ere e x ­
amined w ith  a uv l i g h t  b e fo r e  d ip p in g  in  th e  v a r io u s  r e a g e n ts  a v a i la b le  
fo r  p e p tid e  v i s u a l i z a t i o n .  T ryp to p h a n -co n ta in in g  p e p t id e s  w ere o f te n  
lo c a te d  by t h is  uv l i g h t  ex am in ation .
P e p tid e  v i s u a l i z a t i o n  was a ch iev ed  by d ip p in g  th e  s h e e t s  in  0.1% 
n in h y d r in  d is s o lv e d  in  n -b u ta n o l-a c e to n e  (7 :3  v / v ) .  P urp le  s p o t s ,  ap­
p e a r in g  in  s e v e r a l  h o u rs , in d ic a te d  th e  p resen ce  o f  p e p t id e s .  The ap­
p earance o f  th e  s p o ts  cou ld  be h a sten ed  by warming th e  paper in  a 60° 
oven . F o llo w in g  th e  n in h y d r in  tre a tm e n t, tryp toph an  c o n ta in in g  p e p t id e s  
were v i s u a l i z e d  by d ip p in g  the s h e e t s  in  E h r l ic h 's  r ea g en t (S m ith , 1 9 5 3 a ). 
T his c o n s is t e d  o f  1 g o f  £ -d im eth y lam in ob en za ld eh yd e p er 90 ml o f  a c e ­
ton e fo llo w e d  by the a d d it io n  o f  10 ml o f  c o n c e n tr a te d  HC1. The s o l i d  
was m ixed w ith  the a c e to n e  in  th e  d ip p in g  t r a y ,  th e  HC1 added , and th e  
s h e e ts  d ipped im m ed ia te ly . P u rp le  s p o t s ,  ap p earin g  5 -10  m in. a f t e r  d ip ­
p in g , w ere in d ic a t iv e  o f  tryptophan  c o n ta in in g  p e p t id e s .  H is t id in e  and 
ty r o s in e  c o n ta in in g  p e p t id e s  were lo c a te d  w ith  th e  Pauly re a g en t (S m ith , 
1 9 6 0 ). A s o lu t io n  c o n ta in in g  10 ml o f  4.5% NaN0 2  (w /v ) and 100 ml o f  
0.9% s u l f a n i l i c  a c id  (w /v) in  0 .1 2  M HC1 was prepared  and a llo w ed  to  
stan d  about 2 m in. Then, 110 ml o f  10% (w/w) Na2 C0 3  s o lu t io n  was added 
and th e  s h e e t s  d ip p ed . The im m ediate appearance o f  red s p o ts  in d ic a te d  
h i s t i d i n e  and brown in d ic a te d  t y r o s in e .
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A rg in in e  p e p t id e s  were lo c a te d  w ith  th e  Sakaguchi r e a g en t (S m ith , 1 953b ). 
The maps w ere f i r s t  d ipped  in  a 0.1% (w /v) s o lu t io n  o f  8 -h y d r o x y q u in o lin e  
in  a c e to n e . A fte r  d ry in g  a few m in u te s , th e  maps w ere dipped in  a 0 .5  M 
NaOH s o lu t io n  c o n ta in in g  2 ml o f  brom ine per  l i t e r .  A red c o lo r  in d i ­
ca ted  th e  p r e sen ce  o f  a r g in in e . S h ee ts  which had n o t p r e v io u s ly  been  
dipped in  th e se  r e a g e n ts  co u ld  be d ipped  in  th e  T oenn is-K olb  (1951) 
r e a g en t w hich d e t e c t s  c y s t e in e  and m eth io n in e . The d ip p in g  s o lu t io n  
c o n s is t e d  o f  0 .4  ml o f  2 .0  M HC1, 0 .2 5  ml o f  1 .0  M K I, 4 .0  ml o f  0 .0 0 2  
M K2 P tC l6 , and 76 ml a c e to n e . B leached  s p o ts  a g a in s t  a l i g h t  p in k  back­
ground, ap p earin g  a f t e r  about 30 m in ., w ere in d ic a t iv e  o f  red u c in g  
s u l f u r .
P e p tid e  P u r i f ic a t io n s
Most o f  th e  p e p t id e  f r a c t io n s  i s o l a t e d  by Dowex-50 chrom atog­
raphy s t i l l  r e p r e se n te d  p e p t id e  m ix tu r e s . A ls o , some o f  th e  G-15 
Sephadex f r a c t io n s  w ere s im p le  enough to  be p u r i f ie d  as d e sc r ib e d  b e low .
F urther p e p t id e  p u r i f i c a t io n  was perform ed by p r e p a r a tiv e  paper  
e le c t r o p h o r e s i s ,  p r e p a r a tiv e  paper chrom atography, or p r e p a r a tiv e  pep­
t id e  mapping. A l l  were done under th e  c o n d it io n s  p r e v io u s ly  d e sc r ib e d  
fo r  p e p t id e  mapping. S tr ip s  o f  sam ple w ere used when o n ly  e le c tr o p h o r e ­
s i s  or chrom atography was perform ed. P e p t id e s  were lo c a te d  by in s p e c ­
t io n  w ith  an uv l i g h t  where p o s s ib l e ,  by d ip p in g  gu id e s t r i p s  in  
n in h y d r in , and in  the c a se  o f  p r e p a r a tiv e  p e p t id e  maps by d ip p in g  th e  
w hole map in  0.01% n in h y d r in  in  n -b u ta n o l-a c e to n e  (7 :3  v / v ) .  When appro-  
p i a t e ,  th e  s p e c i f i c  s t a in in g  r e a g e n ts  were used  on th e  gu id e  s t r i p s  o n ly .
P e p t id e s  w ere re co v e r e d  from th e paper s t r i p s  by e lu t io n  w ith  1% 
p y r id in e -w a te r  ( v /v )  u t i l i z i n g  d escen d in g  chrom atography in  a c lo s e d
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chamber. P e p tid e  s p o ts  from  th e  p r e p a r a tiv e  maps w ere cu t in t o  f in e  
p ie c e s  and e lu te d  in  t e s t  tu b es w ith  s e v e r a l  w ashes o f  1 % p y r id in e .
The r e co v ered  p e p t id e  s o lu t io n s  w ere ly o p h i l iz e d  to  d r y n e ss .
Pansy1-Edman Sequencing P rocedure
D a n sy la tio n  was done a c c o rd in g  to  th e  method o f  Gray (1 9 6 7 a ). A 
l y o p h i l i z e d  5 nanom ole p e p t id e  sam ple in  a sm a ll tube was d is s o lv e d  in  
10-15  p i o f  f r e s h  0 .2  M Na2 C0  3 and ly o p h i l iz e d  to  d r y n e ss . Then, 10-15  
p i  o f  d e io n iz e d  d i s t i l l e d  w ater  and a s im i la r  volume o f  2 .5  mg/ml d an sy l 
c h lo r id e  in  a c e to n e  was added, th e  s o lu t io n  was m ixed , and then  in c u ­
b a ted  a t  37° fo r  1 h r . The sam ple was ly o p h i l iz e d  to  d ryn ess  and 0 .0 5  
ml o f  c o n s ta n t  b o i l i n g  HC1 added to  th e  tu b e . The g la s s  tube was drawn 
o u t , s e a le d ,  and p la c e d  in  a 108° oven fo r  1 6 -18  h r . A fte r  c o o l in g ,  
th e  tube was opened and p la c e d  in  a-vacuum d e s ic c a t o r  u n t i l  th e  c o n te n ts  
were dry .
D ansyl amino a c id s  were i d e n t i f i e d  by a scen d in g  tw o-d im en sion a l 
chrom atography on 5 x 5 cm two s id e d  polyam ide p la t e s  (Cheng-Chin) a c ­
co rd in g  to  th e  sy ste m  o f  H a rtley  (1 9 7 0 ) . The stan d ard  d a n sy l amino a c id  
m ixtu re  (W einer et^ a l . , 1972) co n ta in e d  0 .0 2 5  nanom oles o f  each  amino 
a c id  p er  0 .1  y l .  The stan d ard  was s p o t te d  on one s id e  o f  th e  p la t e  and 
th e  sam p le , d i s s o lv e d  in  10 p i  o f  50% r e d i s t i l l e d  p y r id in e , was s p o t te d  
on th e  o th e r  s id e  o f  th e  p la t e  a t  e x a c t ly  th e  same p o s i t i o n .  A fte r  
d ry in g  w ith  h o t a i r ,  chrom atography was perform ed in  one d ir e c t io n  w ith  
s o lv e n t  I and in  a p e r p e n d ic u la r  d ir e c t io n  w ith  s o lv e n t s  I I ,  I I I ,  and IV 
i f  n e c e s s a r y .
S o lv e n t  I 1.5% form ic  a c id  in  w ater  
S o lv e n t  I I  b e n z e n e -a c e t ic  a c id  9 :1  (v /v )
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S o lv e n t  I I I  e t h y l  a c e t a t e - a c e t i c  a c id -  
m ethanol 2 0 : 1 : 1  ( v /v )
S o lv e n t  IV 0 .0 5  M NasPOi* in  25% aqueous 
e th a n o l
S o lv e n t I was d isca r d e d  a f t e r  u s e ,  w h ile  s o lv e n t s  I I -I V  w ere used r e ­
p e a te d ly .  The p la t e s  w ere d r ie d  betw een chrom atographic s t e p s  w ith  h ot  
a ir  and exam ined under a uv l i g h t  to  id e n t i f y  th e  unknown d a n sy l amino 
a c id  by i t s  cochrom atography w ith  one o f  th e  d a n sy l amino a c id s  in  the  
stan d ard  m ix tu re .
The Edman d eg ra d a tio n  was used  to  remove s e q u e n t ia l ly  N -term in a l  
r e s id u e s  from p e p t id e s  betw een d a n s y la t io n  s te p s  and was perform ed ac­
co rd in g  to  th e  method o f  Gray (1 9 6 7 b ). About 0 .1  ymole o f  ly o p h i l iz e d  
p e p t id e  was d is s o lv e d  in  200 p i  o f  50% aqueous r e d i s t i l l e d  p y r id in e  in  a 
screw  capped c u ltu r e  v i a l  and 100 y l  o f  5% p h e n y lis o th io c y a n a te  in  r e ­
d i s t i l l e d  p y r id in e  added. The tube was f lu s h e d  w ith  n i tr o g e n , capped, 
and p la c ed  in  w a ter  b ath  fo r  1 h r . a t  4 5 ° .
F o llo w in g  c o u p lin g , th e  e x c e s s  r e a g e n t , w a te r , p y r id in e ,  and 
r e a c t io n  s id e  p rod u cts  w ere removed by e v a c u a tin g  th e  tube w h ile  warming 
i t  in  a 60° w ater  b a th . I f  th e  c o n te n ts  o f  th e  tube rem ained o i l y  a f t e r  
t h is  d ry in g  p ro ced u re , th ey  w ere r e d is s o lv e d  in  50 y l  o f  e th a n o l and 
d r ie d  a g a in .
C leavage o f  th e  PT C -peptide was done by adding 200 y l  o f  
anhydrous t r i f l u o r o a c e t i c  a c id ,  f lu s h in g  w ith  n i t r o g e n ,  ca p p in g , and 
in c u b a t in g  in  a w ater  b ath  a t  45° fo r  30 m in. When g lu tam in e was th e  
s u sp e c te d  N -term in a l r e s id u e ,  c le a v a g e  was fo r  1 h r . a t  2 5 ° . This p r e ­
v e n ted  c y c l i z a t i o n  (K on igsb erg , 1962)„ The t r i f l u o r o a c e t i c  a c id  was 
removed by d ry in g  in  a vacuum d e s ic c a t o r ,  150 y l  w ater  added, and t h is  
e x tr a c te d  th r ee  tim es w ith  1 .5  ml p o r t io n s  o f  e t h y l  a c e t a t e .  The e x ­
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t r a c t ,  c o n ta in in g  d ip h e n y lth io u r e a , was d isc a r d e d . A 3 y l  a l iq u o t  o f  
th e  w ater  c o n ta in in g  th e  p e p t id e  was saved  fo r  d a n s y la t io n  and the r e ­
m aining N - l  p e p t id e  fr o z e n  and ly o p h i l iz e d  to  d ryn ess p r io r  to  th e  n e x t  
c y c le  o f  Edman d e g r a d a tio n .
Sequencing by D ir e c t  I d e n t i f i c a t io n  o f  PTH Amino A cids
Sequencing by th e  d ir e c t  i d e n t i f i c a t i o n  o f  PTH amino a c id s  was 
a c c o rd in g  to  th e  method o f  P e te r so n  e t  a l . , (1 9 7 2 ). A sam ple c o n ta in in g  
0 . 1 - 0 . 2  ymole o f  p e p t id e  in  a capped c u ltu r e  tube was d is s o lv e d  in  1 0 0  
y l  o f  c o u p lin g  b u f f e r ,  eva cu a ted  b r i e f l y ,  and r e f i l l e d  w ith  n itr o g e n .
The c o u p lin g  b u f fe r  c o n s is t e d  o f  0 .4  M d im eth y l a l ly la m in e  in  1 -p ro p a n o l-  
w a ter  (3 :2  v / v ) ,  t i t r a t e d  to  pH 9 .5  w ith  t r i f l u o r o a c e t i c  a c id ,  and was 
s to r e d  a t  4° under n itr o g e n . Then, 5 y l  o f  p h e n y liso th io c y a n a te  ( s to r e d  
a t  4° under n itr o g e n )  was added to  th e  tube under a n itr o g e n  b a r r ie r ,  
th e  tube capped, m ixed t i l l  c lo u d y , and in cu b a ted  a t  50° fo r  20 min.
The cou p led  p e p t id e  in  s o lu t io n  was e x tr a c te d  w ith  500 y l  o f  
benzene and th e  e x t r a c t  d is c a r d e d . (The benzene was added under a 
n itr o g e n  b a r r ie r ,  th e  tube capped , m ixed , c e n tr ifu g e d , and th e  benzene  
removed under a stream  o f  n i t r o g e n .)  The coup led  p e p t id e  was d r ie d  by 
f lu s h in g  th e  tube w ith  n itr o g e n  w h ile  warming i t  in  a 50° w ater  b a th .
The d ry in g  was com p leted  by e v a c u a tio n  s t i l l  m a in ta in in g  th e  50° tem per­
a tu re  w ith  th e  w a ter  b a th .
C leavage o f  the cou p led  p e p t id e  in v o lv e d  th e  a d d it io n  under 
n itr o g e n  o f  1 0 0  y l  o f  anhydrous t r i f l u o r o a c e t i c  a c id  and in c u b a tio n  at  
50° fo r  7 m in. The t r i f lu o r o a c e t i c  a c id  was removed by b low in g  to  dry­
n e ss  w ith  n itr o g e n . The PTC amino a c id  was e x tr a c te d  w ith  th r e e  0 .5  ml 
p o r t io n s  o f  p e r o x id e  f r e e  e t h e r ,  1 x 10- 1+M d ith io e r y th r ito l .  The e x tr a c t s  
w ere p o o led  and d r ied  w ith  a stream  o f  n itr o g e n . The rem aining N - l  p ep -
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t id e  was d r ie d  w ith  n itr o g e n  p r io r  to  a n o th er  c y c le  through th e  Edman 
d eg ra d a tio n  p roced u re .
The r e co v ered  PTC d e r iv a t iv e  was co n v erted  to  th e  PTH form by 
adding 0 .3  ml o f  1 .0  M HC1, f lu s h in g  th e  tube w ith  n i tr o g e n , cap p in g , 
and in c u b a t in g  a t  80° fo r  10 m in. E x tr a c t io n  w ith  1 .0  ml o f  e th y l  
a c e ta t e  and then  two 0 .5  ml p o r t io n s  fo llo w e d . The e x tr a c t s  were p o o led  
and d r ied  w ith  a stream  o f  n itr o g e n . The aqueous phase was saved  as i t  
cou ld  c o n ta in  h i s t i d i n e ,  a r g in in e , or c y s t e in e  (Wharton and McCarthy, 
1 9 7 2 ) . When th e  d e r iv a t iv e  was su sp e c te d  o f  b e in g  PTC s e r in e  or th r e ­
o n in e , the c o n v e r s io n  to  th e  PTH form was by a m o d ified  procedure (Edman, 
1 9 7 0 ). A 24 h r . room tem perature c o n v e r s io n  u t i l i z i n g  0 .3  ml o f  0 .5  M 
HC1 was u se d , fo llo w e d  by e x tr a c t io n  w ith  e t h y l  a c e ta te  and d ry in g  o f  
th e  e x tr a c t  as p r e v io u s ly  d e sc r ib e d .
The PTH amino a c id s  were i d e n t i f i e d  by TLC chromatography 
(Jeppson and S j o q u is t ,  1966) on 20 x 20 cm s i l i c a  g e l  p l a t e s ,  w hich con­
ta in e d  a f lu o r e s c e n t  in d ic a t o r  (Eastman Chromogram S h ee ts  6060) and were 
a c t iv a t e d  by h e a t in g  30 m in. in  a 108° oven p r io r  to  u se . The PTH un­
knowns w ere d is s o lv e d  in  5 -1 0  y l  o f  d ic h lo r o e th a n e , s p o t te d  on th e  
p l a t e s ,  and d r ie d  w ith  a stream  o f  n itr o g e n . The stan d ard s s o lu t io n s  
c o n ta in ed  10 ym oles/m l o f  each  PTH amino a c id  in  90% a c e t i c  a c id . The 
fo llo w in g  fo u r  stan d ard  PTH amino a c id  s o lu t io n s  w ere u sed . The s ta n d ­
ards are  l i s t e d  in  order o f  in c r e a s in g  chrom atographic m o b il i ty .
S o lu t io n  I Asn, Asp, Tyr, Trp, M et, and Leu
S o lu t io n  I I  H is , S e r , G ly , Phe, and l i e
S o lu t io n  I I I  A rg, G in, Thr, L ys, A la , and Val
S o lu t io n  IV CyS0 3 H, G lu, P h e n y lth io u r e a , and Pro
About 2 y l  o f  th e  a p p r o p r ia te  stan d ard  was s p o t te d  n e x t  to  the unknown
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and d r ie d  w ith  n itr o g e n . The chrom atographic s o lv e n t  sy stem  c o n s is t e d  
o f  h e p ta n e , p r o p io n ic  a c id ,  and d ic h lo r o e th a n e  5 8 :1 7 :2 5  ( v / v ) .  The 
chrom atographic chamber was l in e d  w ith  s o lv e n t  s a tu r a te d  Whatman 3MM 
paper and th e  TLC p la t e s  e q u i l ib r a t e d  30 m in. in  th e  chamber p r io r  to  
runn ing . When th e  s o lv e n t  fr o n t  approached th e  top o f  th e  p l a t e s ,  they  
w ere removed from th e chamber, th e  fr o n ts  marked, and the p la t e s  blown  
dry w ith  c o o l  a i r .  The dark s p o ts  o f  th e  PTH amino a c id s  were p la in ly  
v i s i b l e  a g a in s t  th e  f lu o r e s c e n t  background o f  th e  p la t e s  upon exam ina­
t io n  w ith  lo n g  wave uv l i g h t .  The s p o ts  were c ir c le d  l i g h t l y  w ith  a 
p e n c i l  and th e  p la t e s  th en  sp rayed  w ith  0.5% n in h y d r in  in  n -b u ta n o l,  
blown dry w ith  c o o l  a i r ,  and h e a ted  in  a 108° oven fo r  10-15  min. 
(Inagam i and Murakami, 19 7 1 ) . C olor r e a c t io n s  fo r  th e  fo llo w in g  PTH 
amino a c id s  w ere ob served :
Gly and Thr: orange
S e r , Asp, carb oxym eth y l-C ys, A la: p u rp le
Asp: brow nish  p u rp le
Asn: b r ig h t  y e llo w
C y s te ic  a c id :  very  f a in t  p in k
Gin: dark green
Glu: g r a y ish  green
M et, M e t-su lfo n e :  brow nish y e llo w
Pro: very  f a in t  b lu is h  p u rp le
Tyr: l i g h t  y e llo w
The c o lo r  r e a c t io n s  and m o b i l i t i e s  o f  the PTH amino a c id s  se rv e d  in  most 
c a se s  to  id e n t i f y  them. However, some PTH amino a c id s  d id  n o t g iv e  a 
c h a r a c t e r i s t i c  c o lo r  w ith  n in h y d r in  and had s im i la r  m o b i l i t i e s .  The PTH 
d e r iv a t iv e s  o f  v a l in e ,  le u c in e  and i s o l e u c in e  w ere in  t h is  c a te g o r y .
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PTH v a l in e  was c le a r ly  r e s o lv e d  from a combined l e u c in e - i s o le u c in e  sp o t  
by th in  la y e r  chrom atography on polyam ide s h e e ts  w hich had a f lu o r e s c e n t  
background (Summers ejt a l .  , 1 9 7 3 ).
The stan d ard  s o lu t io n  c o n ta in e d  2 pmoles p er ml o f  each PTH 
amino a c id  in  m ethanol. About 0 .5  p i was s p o t te d  on one s id e  o f  a 5 x  5 
cm tw o -s id e d  polyam ide s h e e t ,  and 2  p i o f  the unknown a t  th e  same p o s i ­
t io n  on th e  o th e r  s i d e ,  a g a in  in  m ethanol. Chromatography began a f t e r  
th e  chamber had e q u i l ib r a t e d  fo r  15 min. The s o lv e n t  fo r  chromatography 
in  the f i r s t  d im ension  c o n s is t e d  o f  to lu e n e , n -p e n ta n e , and a c e t i c  a c id  (60  
30:35 v /v )  c o n ta in in g  250 m g / l i t e r  o f  2 - ( 4 ' - t - b u t y lp h e n y l ) - 5 - ( 4 l -b ip h e n y l)  
- 1 , 3 , 4 - o x id ia z o le  w hich formed the f lu o r e s c e n t  background and was in s o lu ­
b le  in  th e  s o lv e n t  sy stem  used  fo r  the secon d  d im en sion . When f in is h e d  
in  one d im en sio n , th e  chromatogram was blown dry w ith  h o t a ir  and run in  
a secon d  d im ension  in  a p r e e q u il ib r a te d  chamber c o n ta in in g  35% aqueous 
a c e t i c  a c id ,  and a g a in , blown dry w ith  h o t a i r  when f in i s h e d .  Examina­
t io n  under s h o r t  wave uv l i g h t  r e v e a le d  dark PTH amino a c id  s p o ts  
a g a in s t  a f lu o r e s c e n t  y e llo w  background. Unknowns w ere i d e n t i f i e d  by 
comparing t h e ir  m o b i l i t i e s  w ith  th o se  o f  th e  s tan d ard s se en  s im u lta n e o u s ly  
on th e  o th e r  s id e  o f  th e  p l a t e s .
C arboxyp ep tidase D ig e s ts
The C -term in a l r e s id u e s  o f  most ch ym otryp tic  and t r y p t i c  pep­
t id e s  were determ in ed , o r  v e r i f i e d  i f  a lre a d y  known by ca rb o x y p ep tid a se  
d ig e s t io n  (Am bler, 1 9 6 7 ). To 0 .1  mg o f  ly o p h i l i z e d  ch ym otryp tic  p e p tid e  
(about 0 .1  pmole) was added 25 p i o f  0 .0 5  M sodium  b o r a te  b u f f e r ,  pH 8 .5 ,  
c o n ta in in g  0 .0 0 5  mg o f  DFP tr e a te d  ca rb o x y p ep tid a se  A, w ith  d ig e s t io n  
ta k in g  p la c e  a t  room tem p eratu re . A liq u o ts  o f  about 6  p i  w ere w ithdrawn
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a t  v a r io u s  tim e p o in ts  and added to  2  ml o f  the stan d ard  amino a c id  
a n a ly s is  b u f f e r  and a n a lyzed  on th e  au tom atic  amino a c id  a n a ly z e r . I f  
l y s i n e  or  h i s t i d i n e  was su sp e c te d  to  be near th e  C -term in u s, th e  d ig e s t  
was perform ed in  a 0 .0 6  M sodium  b o r a te  b u f f e r ,  pH 9 .2  (D avie e t  a l . ,
1 9 5 9 );  a l t e r n a t iv e ly ,  0 .0 0 2 5  mg o f  DFP tr e a te d  ca rb o x y p ep tid a se  A, and a 
s im i la r  amount o f  DFP tr e a te d  ca rb o x y p ep tid a se  B, were used w ith  th e  
stan d ard  0 .0 5  M sodium  b o r a te  b u f f e r ,  pH 8 .5 .  I f  g lu ta m ic  or a s p a r t ic  
a c id  was a p rob ab le  r e s id u e  in  th e  C -term in a l a r e a , th e  d ig e s t  was p e r ­
form ed a t  pH 5 .1  in  a 0 .0 5  M sodium  a c e ta t e  b u f fe r  (Green and Stahman, 
1952; T ita n i  ej: a l . , 1 9 6 2 ). The d ig e s t io n  o f  t r y p t ic  p e p t id e s  was p e r ­
formed in  25 y l  o f  0 .0 5  M sodium  b o r a te  b u f f e r ,  pH 8 .5 ,  w hich co n ta in e d  
0 .0 0 2 5  mg o f  DFP tr e a t e d  c a r b o x y p ep tid a se  A and 0 .0 0 2 5  mg o f  DFP tr e a te d  
ca rb o x y p ep tid a se  B (Am bler, 1 9 7 2 ) . O th erw ise , the d ig e s t io n  o f  t r y p t ic  
p e p t id e s  and a n a ly s is  o f  th e  r e s u l t s  was i d e n t i c a l  to  th a t  o f  th e  t y p i ­
c a l  ch ym otryp tic  p e p t id e .
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RESULTS 
H em erythrin P u r i f i c a t io n
D isc  g e l  p a t te r n s  o f  ]?. a g a s s i z i i  c o e lo m ic  h em eryth rin  p u r i f ie d  
by e i t h e r  th e  method d e s c r ib e d , or by an o ld e r  tech n iq u e  (K lip p e n s te in ,  
1 9 7 2 a ), were e s s e n t i a l l y  th e  sam e. However, th e  new procedure gave  
h ig h e r  y i e l d s  and more e f f e c t i v e l y  removed a r e d d ish  h ig h  m o lecu la r  
w e ig h t im p u rity  (F ig . 4 ) .  The f a c t  th a t  th e  p r o te in  i s o l a t e d  from P^ . 
a g a s s i z i i  co e lo m ic  f lu i d  was a h em eryth rin  was confirm ed  by th e  o b serva ­
t io n  th a t  i t s  u v - v i s i b l e  m eta z id e-sp ec tru m  and th a t  o f  (3. g o u ld i i  
m etazid eh em eryth rin  w ere n e a r ly  i d e n t i c a l  (F ig . 5 ) .
N a tiv e  O ligom eric  M olecu lar  W eight
The m o lecu la r  w e ig h t o f  th e  n a t iv e  hem erythrin  as determ ined  by 
Sephadex G-100 g e l  chrom atography was 32 ,200± 800  (F ig . 6 ) .  The m o lecu la r  
w e ig h t  d id  n o t change a t  h ig h e r  c o n c e n tr a t io n s  o f  e i t h e r  o x y - or m eta z id e ­
hem erythrin  d uring  g e l  f i l t r a t i o n  on a c a l ib r a t e d  G-75 column (F ig . 7 ) .
A c a lc u la t e d  m o lecu la r  w e ig h t (about 3 2 ,0 0 0 )  was o b ta in ed  a t  a h em eryth rin  
c o n c e n tr a t io n  o f  about 11 m g/m l. B ecause o f  the d i f f e r e n t  sam ple volum es 
in  th e se  e x p e r im e n ts , th e  le a d in g  b ou n d aries o f  th e  hem eryth rin  and 
stan d ard  peaks w ere used to  e s t a b l i s h  m o b i l i t i e s .
An S2 0  o f  3 .3 0 ± .0 8  S was o b ta in ed  from se d im e n ta tio n  v e lo c i t y  
exp er im en ts (F ig . 8 ) .  C o rrec tio n  o f  t h i s  v a lu e  to  th e  stan d ard  co n d i­
t io n ,  w ater  a t  2 0 ° , gave an s |o  w ° f  3 .6 5 ± .0 9  S. The se d im e n ta tio n  p ro ­
f i l e  was a s in g le  sym m etrica l peak w hich  r u led  o u t th e  p r e se n c e  o f  a 
h ig h e r  m o lecu la r  w e ig h t h em eryth rin  o lig o m er  a t  c o n c e n tr a t io n s  betw een
F igu re  4: E lu t io n  p a t te r n  o f  ]P. a g a s s i z i i  co e lo m ic  h em eryth rin  a f t e r
g e l  f i l t r a t i o n  on a Sephadex G-75 colum n, 2 .5  x 90 cm. Flow  
r a te  o f  th e  0 .1  M NaCl e lu t in g  s o lv e n t  was 20 m l/h r  c o l ­









F igu re 5: The spectrum  o f  ]?. a g a s s i z i i  co e lom ic  m etazid eh em eryth rin
(----- ) and (3. g o u ld i i  co e lo m ic  m etazid eh em eryth rin  (-----) .
3 0 0  4 0 0  5 0 0  6 0 0
W a v e l e n g t h  (nm)
F igu re  6: C a lib r a t io n  curve o f  Sephadex G-100 column ( 2 .5  x 90 cm)
u t i l i z i n g  a 12 m l/h r  f lo w  r a te  o f  0 .1  M sodium  phosp hate  
b u f f e r ,  pH 7 . 2 ,  c o l l e c t i o n  3 ml f r a c t io n s .  Standards are G_. 
g o u ld i i  h em eryth rin  monomer ( O ) ,  m yoglobin  ( • ) ,  3 - la c t o -  
g lo b u lin  ( □ ) ,  ovalbum in ( ■ ) ,  and b o v in e  serum  album in ( A ) .  
Arrow in d ic a t e s  th e  e lu t io n  p o s i t io n  o f  J?. a g a s s i z i i  hem ery­
th r in . Each p o in t  r e p r e s e n ts  th e  mean o f  a t  l e a s t  th r ee  
d e te r m in a tio n s . The l i n e  i s  a l e a s t  sq u a res f i t  to  the  
p o i n t s .
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F igu re  7: T y p ic a l e lu t io n  o f  a g a s s i z i i  co e lo m ic  o x y - or m eta z id e ­
h em eryth rin  in  h ig h  c o n c e n tr a t io n s  (about 10 mg/ml) from a 
Sephadex G-75 colum n, 2 .5  x  90 cm, w ith  a f lo w  r a te  o f  20 
m l/h r  c o l l e c t i n g  3 ml f r a c t io n s .  The sta n d a rd s w ere th e  same 
as th o se  used  in  F ig . 6 . Arrow in d ic a t e s  th e  e lu t io n  p o s i t io n  
o f  JP. a g a s s i z i i  c o e lo m ic  h em ery th rin .
l og  Mo I e cu l a r  Weight





F igu re  8: The dependence o f  th e  se d im e n ta tio n  c o e f f i c i e n t  o f  P_. ag a s­
s i z i i  co e lo m ic  m etazid eh em eryth rin  on p r o te in  c o n c e n tr a t io n .  
The v a lu e  o f  th e  se d im e n ta tio n  c o e f f i c i e n t  a t  zero  p r o te in  
c o n c e n tr a t io n  was o b ta in ed  by e x tr a p o la t io n  o f  t h is  l in e  to  
zero  p r o te in  c o n c e n tr a t io n . The l in e  i s  a l e a s t  squares  
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4 .4  and 1 7 .6  mg/ml (F ig . 9 ) .
R e p lo t t in g  F ig . 6 , u s in g  th e  lo g a r ith m  o f  th e  S to k e 's  r a d i i  o f
b o v in e  serum album in, ovalbum in, and m yoglobin  gave a S to k e 's  ra d iu s  o f
2 6 .2  X  f o r  a g a s s i z i i  hem erythrin  (F ig . 1 0 ) . C a lc u la t io n  o f  a m olecu­
la r  w e ig h t based  on th e  eq u a tio n  M = 6'rrr)Nas/(l-:^ p) (Andrews, 1 9 7 0 ) ,
where a i s  th e  S to k e 's  r a d iu s , n th e  v i s c o s i t y  and p th e  d e n s ity  o f  the
medium, s  th e  se d im e n ta tio n  c o e f f i c i e n t ,  N th e  Avogadro number, and 
the p a r t ia l  s p e c i f i c  volume o f  th e  m o le c u le , gave a m o lecu la r  w e ig h t o f  
4 0 ,6 0 0 . The v a lu e  o f  v ,  0 . 7 3 ,  was determ in ed  from th e  amino a c id  com­
p o s i t io n  o f  th e  p r o te in  (Schachman, 1957) as o b ta in ed  d u rin g  th e  stu d y  
o f  i t s  ir o n  c o n te n t .
Subunit M olecu lar  W eight
The su b u n it m o lecu la r  w e ig h t o b ta in ed  from SD S-p olyacrylam ide  
g e ls  was 12 ,8001100  (F ig . 1 1 ) . The ir o n  c o n te n t , found to  be 0 .8 8 5 ±  
.005%, a llo w ed  th e  c a lc u la t io n  o f  a minimum su b u n it m o lecu la r  w e ig h t o f  
12 ,6001100  based  on 2 F e /su b u n it  (K lo tz  and K er e sz te s -N a g y , 1 9 6 3 ).
A b sorp tion  M easurements
The e x t in c t io n  c o e f f i c i e n t  a t  280 nm o f  p o o led  co e lo m ic  m eta z id e ­
hem erythrin  was c a lc u la t e d  d i r e c t ly  from  th e  absorbance o f  a stan d ard  
hem erythrin  s o lu t io n ,  th e  c o n c e n tr a t io n  o f  which had been determ ined  by 
amino a c id  a n a ly s i s .  Based on a su b u n it  m o lecu la r  w e ig h t o f  1 2 ,6 0 0 ,  
th e  e x t in c t io n  c o e f f i c i e n t  a t  280 nm was 30 ,600  M-1  cm- 1 .
The c ir c u la r  d ic h r o ic  spectrum  (200 -250  nm) o f  P^ . a g a s s i z i i  
co e lo m ic  m etazid eh em eryth rin  i s  shown in  F ig . 12 and c lo s e l y  m atches 
th a t  o f  G. g o u ld i i  co e lo m ic  hem erythrin  (D a m a ll  jet a l .  , 1969) . The P^ .
F igu re  9: S ed im en ta tio n  p a t te r n  o f  P^ . a g a s s i z i i  p o o le d  co e lo m ic  m eta z id e ­
h em erythrin  in  0 .5  M NaCl, pH 7 . 0 .  Photographed du rin g  a run 
a t  a speed  o f  5 2 ,6 4 0  rpm. Tem perature 2 0 ° ,  p r o te in  c o n cen tra ­
t io n  1 7 .6  m g/ml. M igra tion  i s  from l e f t  to  r ig h t .

F ig u re  10: A p lo t  o f  th e  m o b i l i t i e s  o f  s e le c t e d  sta n d a rd s from th e
Sephadex G-100 m o lecu la r  w e ig h t  stu d y  v e r su s  th e  lo g a r ith m  
o f  t h e ir  S to k e 's  r a d i i .  The S to k e 's  ra d iu s  o f  P . a g a s s i z i i  
c o e lo m ic  m etaz id eh em ery th rin  was e s t im a te d  b ased  on i t s  
m o b il i ty  du rin g  g e l  f i l t r a t i o n  (arrow marks t h i s ) . The 
sta n d a rd s were m yoglobin  ( • ) ,  ovalbum in ( ■ ) ,  and b o v in e  
serum album in ( A ) .  The l i n e  i s  th e  l e a s t  sq u ares f i t  to  
th e  p o in t s .
l og  Stoke’s Radius






F igu re 11: C a lib r a tio n  curve o f  SD S-polyacrylam ide g e l  e le c t r o p h o r e s i s .
M o b ility  determ ined as d is ta n c e  o f  p r o te in  from o r ig in  
d iv id e d  by th e  d is ta n c e  o f  dye fr o n t  from o r ig in .  Standards 
are (S. g o u ld l i  hem erythrin  monomer ( O ) » & -la c to g lo b u lin  ( O ) , 
p e p s in  ( A ) ,  and ovalbum in ( ■  ) .  Arrow in d ic a t e s  th e  r e la ­
t iv e  m o b il i ty  o f  ]?. a g a s s i z i i  co e lo m ic  h em ery th rin . Each 
p o in t  r e p r e s e n ts  th e  mean o f  a t  l e a s t  th r ee  d e te r m in a tio n s .













F igu re 12: The c ir c u la r  d ic h r o ic  spectrum  o f  jP. a g a s s i z i i  co e lo m ic
m etazid eh em eryth rin  (----- ) and (2. g o u ld i i  co e lo m ic  hemery­
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a g a s s i z i i  c ir c u la r  d ich ro ism  curve was c h a r a c t e r i s t i c  o f  a p r o te in  con­
ta in in g  a h ig h  p ercen ta g e  o f  a - h e l i c a l  s tr u c tu r e  w ith  a b so r p tio n  maxima 
a t  about 210 and 222 nm. The d a ta  w ere p lo t t e d  as m o lecu la r  e l l i p t i c i t y
p
_  n ( ^ 0 g  f c m
(0 ) x  10 d ec im ole  v e r su s  w a v e len g th  in  nm. M olecu lar  e l l i p t i c i t y  was
/ 0\
c a lc u la t e d  from  th e  e q u a tio n  (9 ) = ---- where 0 i s  th e  ob served  ab sorp -XU• X•c
t io n ,  1 i s  p a th le n g th  in  cm (0 .0 5  cm fo r  re p o r te d  d a t a ) ,  and c i s  the  
c o n c e n tr a t io n  o f  p r o te in  in  g p er c c .  For th e  d ata  p l o t t e d ,  c was con­
v e r te d  to  r e s id u e s  o f  amino a c id s  p er cc  on th e  b a s is  o f  113 r e s id u e s  
per m ole o f  h em eryth rin .
The p e r c en ta g e  o f  a - h e l i x  in  P  ^ a g a s s i z i i  hem eryth rin  was 
e s t im a te d  by d iv id in g  th e  a b so r p tio n  a t  222 nm by -3 0 ,6 0 0  deg . cm/ 
d ec im o le  w hich has been determ in ed  as th e  a b so r p tio n  o f  a p u r e ly  ct- 
h e l i c a l  m o lecu le  (H olzw orth and D oty , 1 9 6 5 ) . Based on t h i s  c a lc u la t io n ,  
JP. a g a s s i z i i  co e lo m ic  m etaz id eh em eryth rin  had about 82% a - h e l i c a l  s t r u c ­
tu r e .
C r o s s - l in k in g  w ith  D im ethyl Su b erim id ate
A fte r  c r o s s - l in k in g  n a t iv e  a g a s s i z i i  h em eryth rin  w ith  d im eth y l
s u b e r im id a te , th r ee  s p e c ie s  w ere o b ta in ed  on S D S-p olyacrylam ide g e l s ,  
co rresp o n d in g  to  m o lecu la r  w e ig h ts  o f  1 3 ,0 0 0 , 2 6 ,5 0 0 , and 4 0 ,5 0 0  ( F ig s .
13 and 1 4 ) .  In g e ls  h e a v i ly  load ed  w ith  p r o t e in ,  t r a c e s  o f  h ig h e r  
a g g r e g a te s  were d e t e c t e d ,  th e se  ap p earin g  as broad sm ears n ear  th e  top s  
o f  th e  g e l s .
A n a ly t ic a l  and P r e p a r a tiv e  D isc  G el E le c tr o p h o r e s is
A t o t a l  o f  n in e  p r o te in  bands w ere v i s i b l e  on a n a ly t i c a l  d is c  
g e ls  a f t e r  e le c tr o p h o r e s is  o f  n a t iv e  o x y - or  m etaz id eh em ery th rin  (F ig .
F ig u re  13: S D S-p olyacry lam ide g e ls  o f  c r o s s - l in k e d  P_. a g a s s i z i i
c o e lo m ic  h em ery th r in . H em erythrin was c r o s s - l in k e d  w ith  
3 .3 5  mg/ml o f  d im eth y l su b e r im id a te  fo r  24 hr ( g e l  1) or  
48 hr ( g e l  2) or w ith  6 .7  mg/ml o f  r e a g e n t  fo r  24 hr ( g e l  
3) or 48 hr ( g e l  4 ) .  Gel 5 i s  u n c r o s s - l in k e d  h em eryth rin .
m v
F igu re  14: C a lib r a t io n  curve o f  th e  SD S-p olyacrylam ide g e ls  shown in
F ig . 13 . The c r o s s - l in k e d  P.. a g a s s i z i i  hem erythrin  s p e c ie s  
had m o b i l i t i e s  (arrow s) w hich in d ic a te d  m o lecu la r  w e ig h ts  
o f  1 3 ,0 0 0 , 2 6 ,5 0 0  and 4 0 ,5 0 0 . The stan d ard s w ere i d e n t i c a l  
to  th o se  used  in  F ig . 11 and th e  m o b i l i t i e s  determ ined  fo r  
p r o te in s  in  th e  same manner.
lo g  M o l e c u l a r  W e i g h t
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17 ) ,  th e  same bands s ta in e d  r e a d i ly  fo r  ir o n . S im i la r ly ,  n in e  oran ge-  
y e llo w  m etazid eh em eryth rin  bands were p la in ly  v i s i b l e  during  prepara­
t i v e  d is c  g e l  e le c tr o p h o r e s is  (F ig . 1 5 ) . These bands were p a r t ia l l y  
se p a r a te d  by p r e p a r a tiv e  e le c tr o p h o r e s is  u t i l i z i n g  a s te a d y  e lu t io n  
b u f fe r  flo w  r a te  (F ig . 1 6 ) ,  and f u l l y  se p a r a te d  when th e  flo w  r a te  was 
in c r e a se d  betw een th e  v i s i b l y  e lu t in g  hem erythrin  bands. A n a ly t ic a l  
d is c  g e l  e le c tr o p h o r e s is  o f  th e  peak f r a c t io n s  from a p r e p a r a tiv e  e l e c ­
tr o p h o r e s is  run, which u t i l i z e d  a v a r ia b le  f lo w  r a t e ,  confirm ed th a t  
th e  hem erythrin  bands had been se p a r a te d  from one an oth er  (F ig . 17) .
The same f r a c t io n s  when run in  8 M urea g e ls  were r e so lv e d  in t o  on e, 
tw o, or th ree  su b u n it  ty p es  p er  i s o la t e d  n a t iv e  hem erythrin  band (F ig .
1 8 ) .
The f r a c t io n s  from p r e p a r a tiv e  d is c  e le c tr o p h o r e s i s  were char­
a c te r iz e d  as f o l lo w s .  Each f r a c t io n  was e le c tr o p h o r e s e d  on 8 M urea  
g e l s .  The m o b i l i t i e s  o f  th e  bands observed  w ere compared to  th e  m ob il­
i t i e s  o f  bands from e le c t r o p h o r e s i s ,  in  8 M u r e a , o f  u n fr a c t io n a te d  
hem erythrin  (T able I ) .  U n fr a c tio n a te d  hem erythrin  had th r e e  major sub­
u n it  ty p es  (d e s ig n a te d  A, B, and C) and a minor su b u n it  type ( D) . The 
p r e p a r a tiv e  e le c tr o p h o r e s is  f r a c t io n s  had on e, tw o, or th r ee  bands on 
th e se  g e l s .  These co u ld  be c le a r ly  i d e n t i f i e d  by t h e ir  m o b i l i t i e s  as 
th e  su b u n it  typ es ob served  in  th e  u n fr a c t io n a te d  h em ery th rin . R e su lts  
o f  th e  q u a n t ita t io n  o f  th e  su b u n it  bands ob served  in  f r a c t io n s  from  
p r e p a r a tiv e  d is c  e le c tr o p h o r e s is  th a t  are  run on a n a ly t i c a l  d i s c  e l e c t r o ­
p h o r e s is  g e l s ,  8 M in  u r e a , are shown in  Table I I .  These r e s u l t s  le a d  
to  th e  p r o p o sa l th a t  th e  n a t iv e  p r o te in  i s  a tr im er  and th a t  th e  m u lt ip le  
p r o te in s  are due to  th e  p r e sen ce  o f  3 v a r ia n t  p r o t e in s .  These r e s u l t s  
le d  to  th e  trim er co m p o sitio n s  shown in  Table I I ,  column 3.
F igu re 15: The v i s i b l e ,  u n sta in ed  bands o f  p o o le d  n a t iv e  a g a s s i z i i
c o e lo m ic  m etazid eh em eryth rin  d uring  p r e p a r a tiv e  d is c  g e l  
e le c t r o p h o r e s i s .  T his i s  a r e v e r s e  p r in t  from a p o s i t i v e  
f i lm  im age.

F igu re  16: The e lu t io n  p a t te r n  o f  th e  h em eryth rin  bands from prep ara­
t i v e  e le c t r o p h o r e s i s  u t i l i z i n g  a s te a d y  60 m l/h r  f lo w  r a te  
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F igu re  17: D isc  g e l  e le c tr o p h o r e s is  o f  p o o led  h em erythrin  ( g e l  P^) and
f r a c t io n s  1 -9  o b ta in ed  from  p r e p a r a tiv e  d is c  g e l  e l e c t r o ­
p h o r e s is  o f  th e  p o o led  h em eryth rin  which u t i l i z e d  the  
v a r ia b le  f lo w  r a te  d e sc r ib e d  in  M a te r ia ls  and M ethods. Com­
p o s i t io n  o f  g e ls  i s  i d e n t i c a l  to  th o se  used  in  p r e p a r a tiv e  
d is c  e le c t r o p h o r e s i s .

F igu re 18: D isc  g e l  e le c tr o p h o r e s is  in  8 M urea  o f  p o o led  co e lo m ic  P^ .
a g a s s i z i i  hem erythrin  ( g e l s  P^ and P2 ) and f r a c t io n s  1-9  




Number and M o b i l i t i e s  o f  S u b u n its  in  P r o te in s  
I s o la t e d  by P r e p a r a tiv e  D isc  G el E le c tr o p h o r e s is
Number o f  Bands M o b i l i t i e s  o f  B a n d s ^
Band Number3 in  8 M Urea G els A B C D
9 1 .28
8 2 .2 8  .35
7 2 .2 8    .39
6 2 .2 8  .36
5 3 .2 8  .37  .4 0 ------ -----
4 3 .29  .3 7  .4 0
3 2----------------------------- . 36 40
2 2   .3 7  .4 1
1 1       .5 8
P oo led  H em erythrinC 4 .28  .3 6  .4 0  .5 8
Band numbers d e s ig n a te  ord er  o f  e lu t io n  from p r e p a r a tiv e  d i s c  e l e c t r o ­
p h o r e s is  g e l s .
^Band m o b i l i t i e s  computed as m ig r a tio n  d is ta n c e  o f  th e  p r o te in s  d iv id e d  
by th e  m ig r a tio n  d is ta n c e  o f  th e  dye f r o n t  (Bromphenol B lu e ) .
P oo led  hem eryth rin  m o b i l i t i e s  are  th e  mean v a lu e s  from  s i x  g e l s .
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TABLE I I
Subunit Q u a n tita tio n  and a Proposed Trimer Model
Band Number Q u an tity  o f  Subunit Type (%) Proposed
A B C D C om position
9 100       A 3
8 61 39     A2B
7 61   39   A2C
6 31 69     AB2
5 29 38 33   ABC
4 14 48 38 , --------------------- AC2+B3
(17 44 39) -----
3 -----  61 39   B2C
(56 44) -----
2 -----  36 64   BC2
1       100 D
—  30 40 30 Trace P oo led  H em erythrin
Subunit q u a n t i t i e s  r e p o r te d  are  th e  mean v a lu e s  from  a minimum o f  
fo u r  g e l s .
^These su b u n it  v a lu e s  are  o b ta in ed  from g e ls  d e s ta in e d  by d i f f u s io n  
w h ile  a l l  o th e r  v a lu e s  are  from  e l e c t r o p h o r e t ic a l ly  d e s ta in e d  g e l s .
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The p r e p a r a tiv e  e le c t r o p h o r e s i s  o f  p o o led  ]?. a g a s s i z i i  hem ery- 
th r in ,  on a g e l  8 M in  u r e a , r e s u lt e d  in  th e  e lu t io n  p r o f i l e  shown in  
F ig . 19. T o ta l p r o te in  r eco v ery  was e s t im a te d  a t  about 50%. The peaks 
o f  su b u n it ty p es  A and D were w e l l  se p a r a te d  from th e  in c o m p le te ly  r e ­
s o lv e d  peaks o f  su b u n it  ty p es  B and C. Each o f  th e  p e a k s , when p o o le d ,  
had p r im a r ily  one band when e le c tr o p h o r e s e d  on 10% acry lam id e  g e l s ,  8 M 
in  urea (F ig . 2 0 ) .
Amino A cid  C om position
The amino a c id  co m p o sitio n  o f  p oo led  P_. a g a s s i z i i  co e lo m ic  
h em ery th r in , and th a t  o f  th e  su b u n it  ty p es r e co v ered  from th e DEAE- 
c e l l u lo s e  colum n, 8 M in  u r e a , and th e  p r e p a r a tiv e  e le c t r o p h o r e s i s  in  
8 M u r e a , are shown in  Table I I I .
I s o e l e c t r i c  F ocu sin g
The p a t te r n  o f  n a t iv e  p o o le d  co e lo m ic  P_. a g a s s i z i i  hem erythrin  
on i s o e l e c t r i c  fo c u s in g  g e ls  (F ig .  21) was more com plex than th a t  ob­
se rv e d  a f t e r  d i s c  g e l  e le c t r o p h o r e s i s .  Over tw enty p r o te in  bands were 
v i s i b l e .  The i s o e l e c t r i c  p o in ts  o f  th e  bands ranged from 5 .3 6  to  7 .92±  
1 .4 7  based  on th e  r e g r e s s io n  l i n e  from th e  pH g r a d ie n t  shown in  F ig . 22 .
S im ila r  g e ls ,  b u t 8 M in  u r e a , w ere run on p o o led  hem erythrin  
and each  o f  th e  peak f r a c t io n s  se p a r a te d  by p r e p a r a tiv e  d is c  g e l  e l e c t r o ­
p h o r e s is  in  ord er  to  d eterm in e su b u n it  co m p o sitio n  by t h i s  m ethod. The 
p o o led  hem erythrin  had f i v e  bands and th e  p r e p a r a tiv e  e le c tr o p h o r e s i s  
f r a c t io n s  two to  f i v e  bands (F ig . 2 3 ) .  The su b u n it  i s o e l e c t r i c  p o in ts  
on th e  p o o led  h em eryth rin  g e l  w ere c a lc u la te d  as 1 , 6 .8 1 ;  2 , 6 .5 3 ;  3 , 
6 .4 0 ;  4 , 6 .2 2 ;  and 5 ,  6 .1 2  a l l  ± 1 .6 3  b ased  on th e  pH g r a d ie n t  shown in
F igu re  19: The e lu t io n  p a t te r n  from p r e p a r a tiv e  d is c  e le c tr o p h o r e s is
o f  p o o le d  co e lo m ic  _P. a g a s s i z i i  h em ery th rin . G els w ere 7.5% 
in  acry lam id e and 8 M in  u rea . Flow r a te  o f  e lu t in g  b u f fe r  
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F igu re  20: D isc  g e l  e le c tr o p h o r e s is  p a t te r n s  o f  p o o le d  peak f r a c t io n s
o b ta in ed  from p r e p a r a tiv e  e le c t r o p h o r e s i s ,  in  8 M u r e a , of 
p o o led  co e lo m ic  IP. a g a s s i z i i  h em ery th rin . The g e ls  w ere 10% 
acry lam id e and 8 M in  u rea .
Dye Front  ----  -----
Pooled +  ----
Frac t ions  55 -70  82-94





TABLE I I I
The Amino A cid C om position o f  P oo led  C oelom ic  
]?. a g a s s i z i i  H em erythrin and th e  I s o la t e d  Subunit Types
P o o led 3 Ab AC Bb Bc c c DC G. goa
Lys 9 .5 1 0 .4 9 .4 8 .7 9 .1 8 .6 7 .0 11
H is 4 .7 5 .0 4 .6 3 .4 4 .7 4 .6 3 .8 7
Arg .7 ----- 0 .1 0 .9 1 .0 1 .0 1 .6 3
Asp 1 0 .9 8 .4 8 .5 1 2 .7 1 1 .6 1 1 .9 1 3 .7 17
Thr / Qd4 . 3 4 .0 4 .1 d 4 .8 4 .3 d 4 .5 d 4 .6 d 4
Ser 00 a
-
4 .8 5 .6 d 7 .2 7 . 8d 6 . 8d 5 .2 d 4
Glu 1 2 .6 1 3 .9 1 3 .4 1 3 .5 1 2 .0 1 3 .4 1 5 .1 10
Pro 3 .8 3 .2 3 .2 5 .4 3 .6 4 .1 3 .7 4
Gly 8 .5 1 0 .0 1 0 .5 8 .6 7 .7 7 .7 7 .6 7
A la 1 4 .4 1 5 .1 1 6 .0 1 3 .7 1 4 .7 1 4 .0 6 .9 5
Cys ----- ----- ----- ----- ----- ----- 0 .8 1
V al 7 .0 7 .6 7 .2 8 .1 6 .6 6 .8 7 .7 4
Met 1 .4 1 .8 1 .7 1 .0 1 .1 1 .1 3 .1 1
H e 3 .3 3 .8 3 .5 3 .6 2 .6 3 .1 4 .7 9
Leu 6 .8 7 .3 7 .1 6 .9 6 .9 6 .7 5 .2 8
Tyr 6 .3 7 .1 7 .0 6 .0 6 .6 6 .2 7 .1 5
Phe 8 .7 8 .7 8 .3 7 .3 9 .5 9 .2 7 .7 9
Trp 2 .3 e 2 .6 e 2 .6 e 2 .2 e to -P> (
D
2 .3 e 2 .7 e 4
Average o f  5 a n a ly s e s .  V alues c a lc u la t e d  on the b a s i s  o f  110 r e s id u e s /  
m ole.
bSub unit ty p es  i s o l a t e d  by D E A E -ce llu lo se  chrom atography. V alues c a lc u -
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T able I I I  (C ontinued) 
la t e d  from a s i n g l e  a n a ly s is  on th e  b a s i s  o f  110 r e s id u e s  p er m ole. 
Subunit ty p es i s o l a t e d  by p r e p a r a tiv e  e le c t r o p h o r e s i s .
Q
V alues c a lc u la t e d  from  a s in g le  a n a ly s is  on th e  b a s i s  o f  1 2 ,6 0 0  g per
m ole o f  h em eryth rin  monomer.
^ C orrected  f o r  d eg r a d a tio n  due to  h y d r o ly s is .
©A l l  tryp toph an  v a lu e s  c a lc u la te d  by u s in g  p o o led  hem erythrin  ty r  to  trp  
m olar r a t io  o f  2 .7 0 : 1 .
^From amino a c id  seq u en ce  (K lip p e n s te in  et^ a l . , 1 9 6 8 ).
F ig u re  21: I s o e l e c t r i c  fo c u s in g  p a t te r n  o f  n a t iv e  p o o led  P_. a g a s s i z i i
co e lo m ic  m etazid eh em eryth rin  on a 7% acry lam id e g e l ,  2% in  
am pholytes o f  th e  pH 3-10  ran ge.
I+
F igu re  22: The pH g r a d ien t o f  a t y p ic a l  i s o e l e c t r i c  fo c u s in g  g e l ,  2% in
am pholytes o f  th e  pH 3-10  ra n g e . The l in e  i s  th e  l e a s t  
sq u ares f i t  to  th e  p o in ts  betw een  and in c lu d in g  th e  s o l i d  
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F igu re  23: The g e l  i s o e l e c t r i c  fo c u s in g  p a t te r n  o f  p o o le d  co e lo m ic
h em erythrin  and p r e p a r a tiv e  e le c t r o p h o r e s i s  bands 1 -9 .  The 
g e ls  co n ta in ed  7% a c ry la m id e , 8 M u r e a , and 4% o f  th e  pH 3 -  
10 am p h oly tes. Major bands 1 -5  la b e le d  from -  to  + .
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F ig . 24 .
The f i v e  su b u n it  ty p es  w ere c o r r e la te d  w ith  th e  th r ee  e l e c t r o ­
p h o r e s is  su b u n it  ty p es  in  th e  fo l lo w in g  manner. H em erythrin t r im e r s , 
f r a c t io n a te d  by p r e p a r a tiv e  e le c t r o p h o r e s i s  and o f  known su b u n it  com posi­
t i o n s ,  w ere then  run on i s o e l e c t r i c  fo c u s in g  g e l s ,  8 M in  u rea  (F ig . 2 3 ) .  
P r e p a r a tiv e  e le c tr o p h o r e s i s  band 9 ,  w hich  c o n ta in s  tr im er s  o f  o n ly  one 
e le c t r o p h o r e t ic  su b u n it  ty p e , A, had i s o e l e c t r i c  fo c u s in g  su b u n it  ty p es  
1 and 2 . P r e p a r a tiv e  e le c t r o p h o r e s i s  band 8 , c o n s is t in g  o f  tr im er  typ e  
A2 B, had i s o e l e c t r i c  fo c u s in g  s u b m it  ty p es  1 , 2 ,  and 3 . The new ty p e ,
3 , must r e p r e s e n t  e le c t r o p h o r e t ic  su b u n it  type B. A ls o , i s o e l e c t r i c  
su b u n it  ty p es  1 and 2 m ust r e p r e se n t  e le c t r o p h o r e t ic  s u b m it  typ e  A. 
P r e p a r a tiv e  e le c t r o p h o r e s i s  band 7 , c o n s is t in g  o f  tr im er  type A2 C, 
la ck ed  i s o e l e c t r i c  fo c u s in g  s u b m it  type 3 , b u t c o n ta in ed  1 , 2 ,  4 , and 5 . 
The new i s o e l e c t r i c  fo c u s in g  su b u n it  ty p e s ,  4 and 5 ,  must be e q u iv a le n t  
to  e le c t r o p h o r e t ic  su b u n it  ty p e  C.
The o th e r  tr im ers  from p r e p a r a tiv e  e le c tr o p h o r e s i s  bands 6 -2  had  
g e l  i s o e l e c t r i c  fo c u s in g  band p a t te r n s  c o n s is t e n t  w ith  th e  i d e n t i f i c a ­
t io n  o f  e le c t r o p h o r e t ic  s u b m it  typ e  A as i s o e l e c t r i c  fo c u s in g  s u b m it  
ty p es  1 and 2; B e q u iv a le n t  to  3; and C to  4 and 5 ( s e e  Table IV ).
The narrow range am p h o ly tes , pH 5 - 8 ,  w ere a ls o  used  in  8 M urea  
g e ls  to  f r a c t io n a t e  p o o le d  h em eryth rin  and peak f r a c t io n s  1 -9  from  
p r e p a r a tiv e  e l e c t r o p h o r e s i s .  On th e se  g e ls  (F ig . 2 5 ) ,  p o o led  hemery­
t h r in  had th e  f i v e  bands se en  p r e v io u s ly  in  th e  8 M urea pH 3-10  
i s o e l e c t r i c  fo c u s in g  g e l s .  The i s o e l e c t r i c  p o in ts  fo r  th e  m ajor bands 
in  th e  p o o le d  hem eryth rin  g e l  were 1 , 6 .4 0 ;  2 , 6 .0 6 ;  3 , 5 .9 4 ;  4 , 5 .7 5 ;  
and 5 ,  5 .6 4  a l l  ± 0 .5 8  b ased  on th e  pH g r a d ie n t  shown in  F ig . 26 . In 
a d d it io n ,  th e  p o o le d  g e l  had a t  l e a s t  s i x  m inor band s.
F igu re  24: The pH g r a d ie n t  o f  a t y p ic a l  i s o e l e c t r i c  fo c u s in g  g e l ,  4%
in  am pholytes o f  the pH 3 -10  r a n g e , and 8 M in  u rea . The 
l i n e  i s  th e  l e a s t  sq u ares f i t  to  the p o in ts  betw een and in ­
c lu d in g  th e  s o l i d  p o in t s .
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TABLE IV
C o r r e la t io n s  o f  Subunit Bands from  
E le c tr o p h o r e s is  and I s o e l e c t r i c  F ocu sin g
P r e p a r a tiv e  Trimer C om position on 8 M Trimer Subunit
E le c tr o p h o r e s is  Urea E le c tr o p h o r e s is  G els C om position  on 8 M
Band Number Urea I s o e l e c t r i c
9 A3
F ocu sin g  G els  
1 , 2 --------------
8 a2b 1 , 2 ,  3 --------
7 a2c 1 , 2 ,  —  4 , 5
6 ab2 1 , 2 ,  3 , -------
5 ABC 1 , 2 , 3 , 4 , 5
4 ac2+b 3 1 , 2 ,  3 , 4 , 5
3 b2c — “  3 , 4 , 5
2 bc2 — - -  3 , 4 , 5
1 D* Two Bands*
*H em erythrin D e le c tr o p h o r e s is  very  r a p id ly  on d is c  g e l s .  I t  h as two 
su b u n it  bands o f  very  low  p i  on 8 M urea  i s o e l e c t r i c  fo c u s in g  g e l s .
I t  does n o t f a l l  in to  g e n e r a l P_. a g a s s i z i i  co e lo m ic  hem eryth rin  p a tte r n  
and i s  p r e s e n t  in  tr a c e  q u a n t i t i e s .
F igu re 25: The g e l  i s o e l e c t r i c  fo c u s in g  band p a tte r n  o f  p o o led  co e lo m ic
P^ . a g a s s i z i i  h em eryth rin  and p r e p a r a tiv e  e le c tr o p h o r e s is  
bands 1 - 9 .  The g e ls  co n ta in e d  7% a cr y la m id e , 8 M u r e a , and 
4% o f  th e  pH 5 -8  am p h oly tes. Major bands 1 -5  la b e le d  from  
-  to  + .

F igu re  26: The pH g r a d ie n t  o f  a t y p ic a l  i s o e l e c t r i c  fo c u s in g  g e l ,  4%
in  am pholytes o f  th e  pH 5 -8  r a n g e , and 8 M in  u r e a . The 
l i n e  i s  th e  l e a s t  sq u ares f i t  t o  th e  p o in t s  betw een  and 
in c lu d in g  th e  s o l i d  p o in t s .
8>H 6
4 1 1
2 0 4 0 
D i s t a n c e
J I__
6 0 
( m m )
8 0
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A g e n e r a l p a t te r n  o f  band d i s t r ib u t io n  was ob served  fo r  the  
p r e p a r a tiv e  e le c tr o p h o r e s i s  peak f r a c t io n s  in  b oth  th e  pH 3-10  and pH 
5 -8  i s o e l e c t r i c  fo c u s in g  g e ls  w hich were 8 M in  u rea . The more r a p id ly  
a n a t iv e  h em erythrin  band e lu te d  during  p r e p a r a tiv e  g e l  e le c t r o p h o r e s i s ,  
th e  la r g e r  the amount o f  su b u n it ty p es  o f  a low i s o e l e c t r i c  p o in t  w hich  
w ere p r e s e n t  in  th e  8 M urea e le c t r o f o c u s in g  g e l s .
V arian t E le c tr o p h o r e t ic  P a tte r n s
S in ce  the g e l  e le c tr o p h o r e s is  p a t te r n  o f  n a t iv e  co e lo m ic  IP. 
a g a s s i z i i  h em eryth rin  was very  com plex, and a v a r ia n t  has been charac­
t e r iz e d  in  th e  c o e lo m ic  hem erythrin  o f  G. g o u ld i i  (K lip p e n s te in , 1 9 7 2 a ), 
i t  was c o n s id er e d  p rob ab le  th a t  v a r ia n t  hem eryth rin s occu rred  in  P_. 
a g a s s i z i i . About h a l f  o f  th e  100 in d iv id u a l ly  exam ined P^ . a g a s s i z i i  
worms had coe lom ic  hem erythrin  e le c t r o p h o r e t ic  band p a t te r n s  w hich d i f ­
fe r e d  from th o se  ob served  when u s in g  hem erythrin  p o o led  from many 
an im als . A l l  th e  in d iv id u a l  v a r ia n t  hem erythrin  p a tte r n s  f e l l  in t o  one 
o f  f i v e  r e c o g n iz a b le  c la s s e s  (F ig . 2 7 ) .  The fo llo w in g  p e r c e n ta g e s  
r e p r e s e n t  the number o f  in d iv id u a ls  a s s ig n e d  to  each c la s s :  # 1 , 12%;
# 2 , 12%; #3 , 8%; # 4 , 12%; and #5 , 4%. The rem aining in d iv id u a l ly  
exam ined worms had band p a t te r n s  in d is t in g u is h a b le  from th e  p o o led  
h em erythrin  e le c t r o p h o r e t ic  band p a t te r n .
H y b r id iz a tio n
H em erythrin tr im e r s , i s o l a t e d  v ia  p r e p a r a tiv e  e le c tr o p h o r e s is  
and shown to  be homogeneous (F ig . 1 7 ) ,  had many a d d it io n a l  bands when 
e le c tr o p h o r e s e d  a g a in  a f t e r  s to r a g e  fo r  7-10  days a t  4° (F ig . 2 8 ) .  A 
number o f  th e  new bands w ere r e c o g n iz e d  as p r e v io u s ly  ob served  e l e c t r o -
F igu re  27: Band p a t te r n s  o f  n a t iv e  P. a g a s s i z i i  h em erythrin  v a r ia n t
c la s s e s  1 -5  on 7% acry lam id e d is c  g e l s .
Dye Front 
+
Var i a n t
Class
J W i" .i«,a
Pool
5
F igure 28: D isc  g e l  band p a t te r n s  o f  h em eryth rin  bands 1 -9  from p rep ar­
a t iv e  e le c tr o p h o r e s is  o f  n a t iv e  p o o le d  co e lo m ic  ~P_. a g a s s i z i i  
m etazid eh em ery th rin . The h em eryth rin  was s to r e d  7-10 days 
a t  4° p r io r  to  t h is  e le c t r o p h o r e s i s .  The g e ls  w ere i d e n t i ­
c a l  in  co m p o sitio n  to  th o se  used  fo r  th e  p r e p a r a tiv e  














p h o r e t ic  s p e c ie s  o f  t r im e r ic  h em ery th rin . However, n o t a l l  the new bands 
cou ld  be i d e n t i f i e d .  The u n id e n t if ie d  bands p rob ab ly  r e p r e se n te d  t r im e r s ,  
composed a t  l e a s t  in  p a r t ,  o f  th e  m inor su b u n it  v a r ia n t  ty p es  ob served  
in  th e  8 M urea  i s o e l e c t r i c  fo c u s in g  g e l s .
C hym otryptic D ig e s t , P e p tid e  S e p a r a t io n , and P u r i f ic a t io n
A p e p t id e  map o f  th e  ch ym otryp tic  d ig e s t  o f  p o o led  .P. a g a s s i z i i  
hem eryth rin  i s  shown in  F ig . 29 . The d ig e s t  was f r a c t io n a te d  by g e l  
f i l t r a t i o n  on a Sephadex G-15 column and se v en  f r a c t io n s  were o b ta in e d  
(F ig . 3 0 ) . P e p tid e  maps w ere prepared  fo r  each  o f  th e s e  f r a c t io n s  and 
used  as g u id es  fo r  fu r th e r  p u r i f i c a t io n  s t e p s .
The pinoles o f  amino a c id s  in  th e  Sephadex f r a c t io n s  w ere as 
f o l lo w s :  G -l , 1 8 5 .2 ;  G -2 , 6 6 2 .4 ;  G -3, 2 5 4 .8 ;  G -4, 3 0 .2 ;  G -5, 7 .5 ;  G -6 ,
8 .5 ;  and G -7, 5 .2 .  Assum ing 113 r e s id u e s  p er  m ole o f  h em ery th r in , th e  
15 pm oles used  fo r  the d ig e s t  co n ta in e d  1695 pinoles o f  amino a c id s .  The 
Sephadex f r a c t io n s ,  G -l to  G -7, co n ta in e d  1 1 5 3 .8  pm oles o f  amino a c id s  
so  th e  t o t a l  reco v ery  was 68%.
Sephadex f r a c t io n  G -l was a com plex p e p t id e  m ixture and was 
f u r th e r  f r a c t io n a te d  by c a t io n  exchange chrom atography on a column o f  
Dowex-50 w hich y ie ld e d  f r a c t io n s  S - l  through S -1 2 . Of t h e s e ,  o n ly  S - l l  
c o n ta in e d  a pure p e p t id e .  P r e p a r a tiv e  e le c t r o p h o r e s i s  was perform ed on 
f r a c t io n  S - l  b u t th e  y i e l d  was to o  low fo r  fu r th e r  c h a r a c te r iz a t io n .
A l l  o f  th e  rem ain ing f r a c t io n s  w ere o f  s u f f i c i e n t  co m p lex ity  to  r e q u ire  
p r e p a r a tiv e  e le c tr o p h o r e s is -c h r o m a to g r a p h y .
A p e p t id e  map o f  f r a c t io n  G-2 r e v e a le d  a com plex m ixtu re  o f  
p e p t id e s  w hich was s u b je c te d  to  Dowex-50 chrom atography y i e ld in g  f r a c ­
t io n s  S - l  through S -1 2 . Of t h e s e ,  o n ly  S -12  appeared to  be a pure p ep -
F ig u re  29: P e p tid e  map o f  th e  ch ym otryp tic  p e p t id e s  o f  the E^ . a g a s s i z i i
p o o led  co e lo m ic  h em erythrin  d ig e s t .  E le c tr o p h o r e s is  fo r  
1 1 /4  hr a t  55 V/cm u s in g  a pH 6 .4  p y r id in e - a c e ta t e  b u f fe r  
sy stem . D escend ing chrom atography fo r  16 hr w ith  an n -  
b u t a n o l - a c e t ic  a c id -w a te r  sy stem  fo llo w e d  th e  e le c tr o p h o r e ­
s i s .  N in h y d r in -p o s it iv e  s p o ts  are  shown.

F igu re  30: E lu t io n  p a t te r n  o f  th e  ch ym otryp tic  p e p t id e s  o f  p o o le d  P^ .
a g a s s i z i i  hem erythrin  se p a r a te d  by g e l  f i l t r a t i o n  on a 
Sephadex G-15 colum n, 1 .5  x 90 cm, w ith  a flow  r a te  o f  5 -7  
m l/h r  o f  0 .1  M NH^HCOs, pH 8 .0 ,  c o l l e c t i n g  1 .5  ml f r a c t io n s .  
The f r a c t io n s  were p o o le d  as f o l lo w s :  G - l ,  tubes 3 3 -4 1 ;
G -2, tu b es 4 2 -5 2 ; G -3, tu b es 5 3 -6 6 ; G -4, tu b es 6 7 -7 9 ; G -5 , 
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t id e .  P r e p a r a tiv e  e le c tr o p h o r e s is  was perform ed on f r a c t io n s  S - l ,  S -8 ,  
and S -9 . A l l  o f  th e  rem ain ing  f r a c t io n s  were fu r th e r  fr a c t io n a te d  by 
p r e p a r a tiv e  e le c tr o p h o r e s is -c h r o m a to g r a p h y .
Sephadex f r a c t io n  G-3 had a la r g e  number o f  b a s ic  p e p t id e s  and 
appeared to  be an e x c e l l e n t  ca n d id a te  fo r  Dowex-50 chrom atography. Due 
to  a f a i lu r e  o f  th e  f r a c t io n  c o l l e c t o r ,  o n ly  th e  f i n a l  two p e p tid e  
f r a c t io n s  were r e c o v e r e d , S - l  and S -2 . These b oth  r e q u ire d  fu r th e r  
p u r i f i c a t io n  by p r e p a r a tiv e  e le c t r o p h o r e s i s .
The p e p t id e s  o f  f r a c t io n  G-4 w ere se p a r a te d  by p r e p a r a tiv e  
chrom atography w h ile  f r a c t io n  G-5 was o f  such low y i e l d  and o f  such  
co m p lex ity  th a t  i t  was n o t  fu r th e r  c h a r a c te r iz e d .
P e p tid e  f r a c t io n s  G-6 and G-7 were b oth  p u r i f i e d  by p r e p a r a tiv e  
chrom atography and each  c o n s is t e d  e s s e n t i a l l y  o f  a d ip e p t id e .
The co m p o sit io n , se q u e n c e , and m ajor con tam in ation  o f  th e  
c h a r a c te r iz e d  ch ym otryp tic  p e p t id e s  are  shown in  Table V. The y i e l d s ,  
chrom atographic p r o p e r t ie s ,  and c o lo r  r e a c t io n s  o f  th e se  p e p t id e s  are  
shown in  T able VI.
Subunit S ep a ra tio n
A D E A E -ce llu lose  colum n, w hich u t i l i z e d  a s te p w is e  g r a d ie n t  o f  
NaCl in  a b u f fe r  w hich was 8 M in  u r e a , was used  to  prep are p u r i f ie d  
su b u n it ty p es fo r  seq u en ce a n a ly s is  (F ig . 3 1 ) . The f i r s t  two peaks  
r e p r e se n te d  breakthrough peaks and had band p a t te r n s  on 7% acrylam id e  
g e l s ,  8 M in  u r e a , w hich were n e a r ly  i d e n t i c a l  to  p o o le d  h em eryth rin .
The th r e e  peaks la b e le d  A, B, and C had th e  band p a t te r n s  shown in  F ig .  
32. The m o b i l i t i e s  o f  th e  bands in  th e se  g e l s ,  when compared to  p oo led  
h em ery th r in , se rv e d  to  id e n t i f y  th e  h em eryth rin  su b u n it  type (T able V I I ) .
TABLE V. The main chym otryptic  p e p t id e s  o f  ]?. a g a s s i z i i  p oo led  coe lom ic  hem erythrin
. , _ _  . C ontam ination „ , „
P ep tid e  C om position Maximum (%) Proposed Sequence
G -l S-2 e l-A -1
G -l S-2 e l - A - 2
G -l S-7  e l-A -1
G -l S-7  e l-N -2
G -l S -8  e l-N -1
Asp 1 .8 3 Thr 0 .9 2 Ser 1 .8 5  Glu 1 .1 3
Gly 1 .3 6 A la 3 .95 Tyr ( l ) a (28% Leu)
Asp 2 .1 6 Thr 0 .9 3 Ser 2 .0 9  Glu 1 .7 3
Gly 2 .3 2 Ala 3 .02 | a l
i
1 .0 6  Leu 0 .9 3
Tyr 0 .8 0 (48% Pro)
Lys 1 .0 8 H is 1 .0 3  Asp 3 .0 9  Glu 2 .8 7
Leu 2 .0 1 Phe 0 .9 0 (12% Gly)
Lys 1 .05 Ser 0 .9 8 Glu 1 .0 9  Gly 2 .0 7
A la 2 .0 6 Val 1 .57 Leu 1 .0 4  Tyr 0 .8 8
(31% Asp)
Lys 1 .0 8  Asp 1 .4 4  Thr 0 .5 7  Ser 0 .8 0  
Glu 1 .1 6  Gly 0 .9 7  A la 0 .9 8  Tyr ( l ) a 
(28% Leu)
x -x -S e r -A sp -G ly -G ln -(A sp, Thr 
Ser,~A T aT~£la, A la /  A la , Tyr)
x -x -As p - GIn-Gly- G in-x - Thr- 
(Asp, S e r , 'S er , G ly , A la /  A la , 
A la , V a l, Leu, Tyr)
Glu-As p-L eu-A sp-A sp-x-H is - ( Glu 
Lys) -G in - ( Ijeu ,Phe) 7
x -x -G lu -x -x -A la -x -G ly -(L y s ,S er  
G ly ,H a ,V a l,V a l, Leu, Tyr)
x- G ly - x -G lu - (L y s ,A sp , S e r ,  A la ,  
1 /2  A sp ,~ l72  Thr, Tyr)
G -l S - l l Lys 1 .1 2 His 1 .6 7  Asp 1 .1 7 Glu 2 .1 9
Gly 1 .09 A la 1 .9 4 Phe 0 .8 1 (20% Leu)
G-2 S-2 e l - A - 2 Asp 0 .3 3 Thr 1 .2 3 Ser 0 .8 8 Glu 0 .4 2
Gly 1 .0 1 A la 1 .15 Trp ( l ) b (12% Leu)
G-2 S-2 e l - A - 3 Asp 1 .09 Ser 1 .8 8 Phe 1 .0 5 (48% Glu)
G-2 S-2 e l - A - 4 Asp 0 .9 5 Ser 0 .8 6 A la 1 .12 Phe 1 .0 7
G-2 S-2 e l - A - 6
(25% Glu)
Glu 3 .1 0  A la  1 .9 6  Met 0 .9 7  Leu 0 .9 0  
Phe 1 .0 8  (10% Gly)
G ly -A la -H is-L y s-A la -G lu -G ln -  
H is-A sp-P he 7 7 7
x -x -G ly -1 /2  G lu -(1 /2  Asp, Thr, 
S er , A la , Trp)
A sp -(S e r , S e r , Phe)
A sp-A la-Ser-P he
L eu -M et-G lu -G lu -x -A la -(G lu ,A la , 
Phe) 7 '  '  7
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A la  2 .4 3  Met 0 .7 5  
(68% G ly; 42% Ser)
Leu 1 .0 3  
f
G-2 S-2 e l-N -2 Asp 1 .1 6  
(28% Glu)
Ser 0 .8 0 Gly 0 .9 5 A la 2 .1 0




Ala 5 .0 6 Tyr 0 .9 3 (66% Glu;












V al 1 .96  
(19% Gly)












Glu 2 .3 3  
(11% Gly)




Glu 1 .1 6 Gly 1 .0 0 Leu 1 .0 1
G-2 S-5 e l-N -2 Lys 1 .0 0  Asp 
(16% Leu)
2 .1 6 l i e 1 .99 Phe 0 .8 9
G-2 S-5 e l-N -3 Lys
Phe
1 .0 1  Asp 1 .0 6  
1 .0 6  (22% Glu)
Thr
r
0 .9 8 l i e  1 .89






1 .5 9  Asp 
3 .09  Phe
0 .9 4
0 .8 5
Glu 0 .9 9  
(4% Ser)






0 .8 0  Asp 1 .46  
1 .1 8  (14% Gly)
Thr 0 .6 4
•









Glu 0 .9 9  
(11% Asp)
Gly 1 .0 0
1
G-3 S - l e l- B e Lys 1 .0 5 Thr 0 .9 0 Phe 1 .2 0 (27% Leu)
(G lu , G lu, G lu, Leu, Phe)
(A la-A la-M et)
\  " "
(Asn, S er , G ly, A la , A la)
(A sn, Asn, A la , A la , A la ) -  
(A la -A la -T yr)
G ly -x - V a l-x - (P r o ) - (G in , P ro , 
Phe) - ( G ln-Leu) -V al-T yr
T yr-A sp-A sp-Leu-A sp-A sp-G ln- 
H is - (L y s , G lx)-L eu-P he 7
fs-G ly-G ln-L eu
(L y s , l i e ,  A sn)- lie -A sp -P h e
I l e - x-T h r - ( l i e , A sp, Lys) -Phe
A sp -A la -H is-L y s-G lu -A la-A la -  
H is-G ly -Phe 7 7 7
H is -I le -L y s -T h r -I le -A sp -P h e
 T   T  *  I    T  1  7  < V  \ ----
Asn
L ys-G ly-L ys-L eu
(L ys, H is , G lx , G ly, A la )-P h e
Lys^ -s T hr-P he
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,eG-3 S - l  e l-B  Lys 1 .1 0  A la 0 .9 6  V al 0 .8 5  Tyr 0 .9 5  V a l-A la -(L y s)-T y r
(8% Leu) r '
G-3 S-2 e l-N  Lys 1 .09  A la 0 .8 8  Asp 1 .0 3  Trp ( l ) b A la-Lys-A sp-Trp
(3% Gly) 7
G-3 S-2 e l-B  Lys 1 .06  Tyr 0 .9 4  (7% Gly) Lys-Tyr^
G-4 Ch-1 Arg 0 .8 8  Asp 1 .0 5  A la 1 .0 6  Trp ( l ) b (A la , Arg, Asp, Trp)
(21% Ser)
G-4 Ch-2 Ser 1 .0 1  Gly 1 .1 4  Tyr 0 .8 5  (36% Asp) S e r -(G ly ) -Tyr
G-6 Ch-1 Thr (1 ) Trp ( l ) b,C  (3% Gly) Thr-Trpc
G-7 Ch-3 Val (1 ) Trp ( l ) b,C  (4% Gly) V al-T rpC
^ a u l y  p o s i t i v e  fo r  Tyr. 
bE h r lich  p o s i t i v e  fo r  Trp.
c
Q u a n tita ted  by 280 nm a b so r p tio n .
^Sequenced and q u a n tita te d  by amino a c id  a n a ly s is  o f  N - l  p e p t id e .
0These p e p t id e s  were i s o la t e d  and sequenced  to g e th e r . This was p o s s ib le  b ecau se  th e  r a t io  
o f  the t r ip e p t id e  to  th e  te tr a p e p t id e  was 1 :3  and Lys was th e  o n ly  r e s id u e  in  common to  
b oth  p e p t id e s .
^A h ig h  l e v e l  o f  contam ination  may a c tu a lly  be in d ic a t iv e  o f  v a r ia n ce  in  th e  p e p t id e .
I
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TABLE V I. P r o p e r t ie s  and y i e ld s  o f  th e  p oo led  coe lom ic  P_. a g a s s i z i i  hem erythrin  ch ym otryptic  p e p t id e s
P ep tid e % Y ie ld 3 E le c tr o p h o r e t ic
m o b ility
Chromatographic
m o b ility
C olor r e a c t io i
G -l S-2 e l-A -1 1 .97 + 4 .0 2 .0 Pauly
G -l S-2 e l-A -2 1 .8 3 + 4 .5 7 .0 Pauly
G -l S-7 e l-A -1 2 .09 + 8 .0 5 .5 Pauly
G -l S-7 e l-N -2 0 .5 6 - 1 .0 1 2 .5 Pauly
G -l S -8 e l-N -1 0 .9 6 - 1 .0 2 .0 Pauly
G -l S - l l 4 .29 •' N.D. N.D. Pauly
G-2 S-2 e l-A -2 0 .8 6 + 9 .5 9 .0 E h rlich
G-2 S-2 e l - A - 3 1 .0 4 + 6 .5 1 6 .0 None
G-2 S-2 e l - A - 4 3 .6 2 + 6 .5 1 8 .5 None
G-2 S-2 e l - A - 6 3 .7 2 + 1 0 .0 2 3 .5 Toennis-K olb
G-2 S-2 e l - A - 7 1 .0 3 + 11 .0 3 2 .0 T oennis-K olb
G-2 S-2 e l-N -2 1 .2 8 - 2 .0 8 .0 None
G-2 S-2 e l-N -3 0 .4 8 - 2 .0 1 3 .0 Pauly
G-2 S-2 e l-N -5 2 .2 6 - 2 .0 2 5 .0 Pauly
G-2 S-4 e l-A 6 .1 3 + 3 .0 8 .5 Pauly
G-2 S-5 e l- B - 1 3 .2 8 -1 1 .5 8 .0 None
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G-2 S-5 e l-N -2 0 .6 7 - 2 .0 1 3 .0 None
G-2 S-5  e l-N -3 0 .9 7 - 2 .0 1 7 .0 None
G-2 S-7 Ch-1 2 .4 6 N.D. 2 .0 Pauly
G-2 S-9 e l-N -1 2 .9 8 + 0 .5 6 .0 Pauly
G-2 S-9 e l-B -2 9 .5 2 - 1 8 .0 7 .0 None
G-2 S-12 1 0 .9 1 - 1 1 .0 0 .0 Pauly
G-3 S - l  e l-B b 1 .9 -1 9 .0 7 .0 None
G-3 S - l  e l-B b 6 .3 - 1 9 .0 7 .0 Pauly
G-3 S-2 e l-N 3 .4 - 3 .0 7 .5 E h rlich
G-3 S-2  e l-B 8 .5 - 1 5 .0 7 .5 Pauly
G-4 Ch-1 3 .5 - 3 .5 6 .0 E h r lic h , Sakaguchi
G-4 Ch-2 2 .7 - 3 .5 1 4 .0 Pauly
G-6 Ch-1 1 1 .0 - 2 .0 2 4 .0 E h rlich
G-l Ch-3 1 6 .0 - 3 .5 33 .0 E h rlich
f i e l d s  were c a lc u la te d  as th e  p ercen ta g e  o f  p e p tid e  recovered  o f  th e  o r ig in a l  15 pmoles o f  p r o te in  
used  fo r  th e  chym otryptic  d ig e s t io n .  
b These two p e p t id e s  cochrom atographed and c o e le c tr o p h o r e se d  in  th e  system s used fo r  p e p tid e  i s o l a t io n  
and p u r i f i c a t io n .
113
N.D. = d ata  n ot o b ta in ed .
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F igu re  31: E lu t io n  o f  p o o le d  c o e lo m e  h em erythrin  from D E A E -c e llu lo se ,
8 M in  u rea . The f lo w  r a te  o f  th e  0 .0 1  M T ris-H C l b u f f e r ,  
pH 8 .0 ,  8 M in  u r e a , was i n i t i a l l y  252 m l/h r  w hich was 
low ered  to  126 m l/h r . Arrows in d ic a t e  where th e  g r a d ien t  
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F igu re  32: D is c  g e ls  o f  peaks A, B, and C i s o l a t e d  v ia  the D E A E -cellu­
lo s e  colum n, 8 M in  urea  (F ig . 3 1 ) ,  and p o o le d  u n fr a c t io n ­





G el E le c tr o p h o r e t ic  M o b i l i t i e s  o f  H em erythrin Subunit 
Types I s o la t e d  by D E A E -C ellulose Chromatography in  8 M Urea
D E A E -C ellulose M o b ility  on G els
Peak D e s ig n a tio n  8 M in  Urea
A .25 ----- -----
B ----- .3 3 -----
c* ----- .35 .40
P oo led  H em erythrin .25 .35 .40
Subunit Types A B C
*H em erythrin su b u n it  typ e  C n o t c le a n ly  se p a r a te d  from B w ith  
D E A E -cellu lose  chrom atography 8 M in  u rea .
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Peak C c o n s is t e d  o f  a m ixture o f  su b u n it typ es B and C, w h ile  peaks A 
and B r e p r e se n te d  t h e ir  r e s p e c t iv e  p u r i f ie d  su b u n it  ty p e s . The recovery  
o f  hem erythrin  from th e  D E A E -ce llu lo se  column was about 9.5% as su b u n it  
type A (b ased  on amino a c id  a n a ly s is  o f  th e  p e p t id e  f r a c t io n s  from th e  
t r y p t ic  d i g e s t i o n s ) ,  6% as su b u n it type B, and 9% as th e  m ixture o f  sub­
u n it  ty p es B and C ( a l l  r e c o v e r ie s  based  on t o t a l  p r o te in  i n i t i a l l y  
a p p lie d  to  th e  co lu m n). The l a t t e r  r e c o v e r ie s  were based  on d ir e c t  
h y d r o ly s is  o f  a l iq u o t s  o f  th e  peaks and q u a n t ita t io n  by amino a c id  
a n a l y s i s .
T r y p tic  D ig e s t io n  o f  Subunit Type A,
P e p tid e  S ep a ra tio n  and P u r i f ic a t io n
A p e p t id e  map o f  th e  t r y p t ic  d ig e s t  o f  su b u n it type A i s  shown 
in  F ig . 33 . The d ig e s t  was f r a c t io n a te d  by g e l  f i l t r a t i o n  on a Sephadex  
G-15 column in t o  sev en  f r a c t io n s  (F ig . 3 4 ) . P e p tid e  maps w ere prepared  
fo r  each  o f  th e se  f r a c t io n s  and w ere used  as g u id es  to  fu r th e r  p u r i f i ­
c a t io n  s t e p s ,  i f  n e c e s s a r y . The ym oles o f  amino a c id s  in  th e  Sephadex  
f r a c t io n s  w ere as f o l lo w s :  A-TT-1, 8 7 .1 ;  A -T T -2, 5 7 .0 ;  A-TT-3, 2 5 .3 ;
A -TT-4, 2 0 .7 ;  A-TT-5, t r a c e s ;  A-TT-6, 0 .7 8 ;  and A-TT-7, t r a c e s .
F r a c tio n  A-TT-1 was a com plex p e p t id e  m ixture and was fu r th e r  
fr a c t io n a te d  by Dowex-50 c a t io n  exchange chromatography w hich r e s u lt e d  
in  f r a c t io n s  S - l  through S - l l .  Of t h e s e ,  o n ly  S -8  co n ta in ed  a pure  
p e p t id e . F r a c tio n s  S-5  and S-10 w ere p u r i f ie d  by p r e p a r a tiv e  chrom atog­
raphy, w h ile  f r a c t io n s  S-6  and S -7  re q u ire d  p u r i f i c a t io n  by p r e p a r a tiv e  
e le c t r o p h o r e s i s .  The rem ain ing f r a c t io n s  were o f  too  low a y i e l d  fo r  
fu r th e r  c h a r a c te r iz a t io n .
The p e p t id e s  o f  f r a c t io n  A-TT-2 were fu r th e r  f r a c t io n a te d  by
F igu re  33: P e p t id e  map o f  th e  t r y p t i c  p e p t id e s  o f  a g a s s i z i i  coe lom ic
h em eryth rin  su b u n it type A i s o l a t e d  by D E A E -cellu lose  
chrom atography. C on d ition s o f  e le c tr o p h o r e s is  and chroma­
tography i d e n t i c a l  to  th o se  o f  F ig . 2 9 . N inhydrin  p o s i t i v e  
s p o ts  shown.
o




F igu re  34: E lu t io n  p a t te r n  o f  th e  t r y p t i c  p e p t id e s  o f  P_. a g a s s i z i i
co e lo m ic  h em eryth rin  su b u n it  ty p e  A. C on d ition s fo r  g e l  
f i l t r a t i o n  th e  same as in  F ig . 30 . The f r a c t io n s  were 
p o o led  as fo l lo w s :  A-TT-1, 3 9 -5 3 ; A-TT-2, 5 4 -6 6 ; A-TT-3,
6 7 -7 5 ; A-TT-4, 76 -99; A -TT -5, 100 -1 0 9 ; A-TT-6, 110 -1 2 8 ; and 











0 4 0 160120
Frac t i on N u m b e r
125
Dowex-50 chrom atography w hich r e s u lt e d  in  f r a c t io n s  S - l  through S -1 7 .
Of th e s e ,  S -4  was a pure p e p t id e ,  S -6  f r e e  l y s i n e ,  and S -8  a m ixture o f  
th r e e  p e p t id e s  w hich  were se p a r a te d  by p r e p a r a tiv e  e le c t r o p h o r e s i s .
The rem ain ing f r a c t io n s  d id  n o t c o n ta in  enough m a te r ia l  fo r  fu r th e r  
c h a r a c te r iz a t io n .
Sephadex f r a c t io n  A-TT-3 was a ls o  fu r th e r  f r a c t io n a te d  by 
Dowex-50 chrom atography y i e ld in g  f r a c t io n s  S - l  through S -8 . F r a c tio n s  
S-6 and S -8  w ere pure p e p t id e s .  The rem ain ing f r a c t io n s  were impure 
and o f  to o  low a y i e l d  fo r  fu r th e r  c h a r a c te r iz a t io n .
F r a c tio n  A-TT-4 was p u r i f ie d  v ia  p r e p a r a tiv e  e le c t r o p h o r e s i s -  
chrom atography y i e ld in g  f r a c t io n s  e l - 1  through e l - 8 .  Of t h e s e ,  e l - 1 ,  
e l - 2 ,  and e l - 4  w ere pure p e p t id e s  o f  s u f f i c i e n t  q u a n tity  fo r  sequence  
a n a ly s i s .  No fu r th e r  c h a r a c te r iz a t io n  was done on th e  rem ain ing f r a c ­
t io n s  .
Sephadex f r a c t io n  A-TT-6 was a te tr a p e p t id e  w hich was sequenced  
w ith o u t fu r th e r  p u r i f i c a t i o n .
The in s o lu b le  p o r t io n  o f  th e  t r y p t ic  d ig e s t io n  h ad , a f t e r  
h y d r o ly s is  and amino a c id  a n a ly s is  o f  an a l iq u o t ,  a very  low y i e l d  o f  
amino a c id s .  Four Sephadex f r a c t io n s  w ere o b ta in e d , b u t mapping and 
amino a c id  a n a ly s is  o f  a l iq u o t s  o f  th e se  f r a c t io n s  showed to o  l i t t l e  
m a te r ia l  in  them fo r  fu r th e r  c h a r a c te r iz a t io n .
The c o m p o sit io n , se q u e n c e , and m ajor con tam in ation  o f  th e  
c h a r a c te r iz e d  t r y p t i c  p e p t id e s  o f  su b u n it type A are shown in  Table  
V III . The y i e l d s ,  chrom atographic p r o p e r t ie s  and c o lo r  r e a c t io n s  o f  
th e se  p e p t id e s  are shown in  Table IX.
TABLE V III . The main t r y p t i c  p e p t id e s  o f  ]?. a g a s s i z i i  coe lom ic  hem erythrin  su b u n it type A
P ep tid e C om position Contam ination  Maximum (%) Proposed Sequence
A-TT-1 S-7 Lys 1 .1 1  H is 0 .9 9  Asp 








A-TT-1 S-8 Lys 0 .8 9  H is 0 .9 8  Glu 








A-TT-2 S-4 Glu 1 .0 4  Gly 1 .0 4  Leu 0 .9 2 (8% Ser)
A-TT-2 S-6 Lys (1)
A-TT-2 S-8 e l - 1 Lys
Tyr
0 .9 4  Ser 1 .0 0  Gly 
0 .9 0  (2% Glu)
1 .05 A la 2 .1 2
A-TT-2 S-8 e l - 2 Lys
Phe
1 .0 1  Asp 0 .9 8  Thr
1 .0 1  (11% Gly)
0 .9 8 l i e 1 .02
A-TT-2 S -8 e l - 3 Lys
Pro
Tyr
0 .7 2  Asp 1 .1 0  Ser 
3 .1 8  Gly 0 .9 9  A la  
0 . 71 Phe 1 . 86 Trp
1 .0 0
1 .0 2






l i e )
A-TT-3 S-6 Lys
Tyr
1 .0 0  Glu 1 .1 5  Gly 
0 .8 0  (13% Asp)
1 .1 2 Leu 1 .1 1
A-TT-3 S-8 Lys
Val
1 .0 3  H is 0 .9 7  Asp 






( l ) b
A-TT-4 e l- :1 Lys
Tyr
1 .0 2  H is 0 .7 3  Gly 
1 . 31c (6% Ser)
1 .9 2 A la 2 .0 4
T hr-M et-T yr-G lu-A sp-(Leu, 
Asp", Asp) -d ln -t f is -L y s
A la -H is -x - G lu -G ly -( G ly) -  
G in -(L y s , A la ,V a l, V a l,L eu , 
Phe)
G ly -( Gin) -Leu  
Lys^  (F ree)
G ly -(S e r ) -A la -T yr-A la -L ys
T h r - l i e - (Asp) -Phe-L ys  
Trp
G ly-Phe-Pro- Va1-P ro-G lu -P ro-  
T y r -V a l-( Trp) -A s p - (A la /  S er , 
P h e, Lys)
T y r-( Lys) -G ly-G ln-L eu
A sp -T rp -L eu -V al-(L ys, H is , 
G lu,- l i e )  7 7
T yr-G ly -G ly -T y r-A la -A la -H is-  
(Lys) 7 ' 7
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A-TT-4 e l - 2  Lys 1 .1 2  Tyr 0 .8 7  (21% Gly) T yr-(L ys)
A-TT-4 e l - 4  Lys 1 .0 2  H is 0 .8 5  Asp 1 .9 1  Ser 1 .2 3  (L ys, H is , Asp, Asp, S e r , G lu,
Glu 1 .1 5  A la 1 .3 7  V al 1 .7 9  Leu 0 .8 8  A la , V a l, V a l, Leu, Phe, Trp)
Phe 0 .8 2  Trp ( l ) a (42% Gly)
A-TT-6 Gly (2 ) Tyr ( 2 ) c Try-G ly-G ly-T yr
P r e s e n t  on amino a c id  a n a ly s is  and E h r lich  p o s i t i v e .
P resen ce  in d ic a te d  by 280 nm a b so r p tio n .
Low ty r o s in e  v a lu e s  due to  d egrad ation  during h y d r o ly s is .  Sequence d ata  confirm ed 2 r e s id u e s  
in  each c a s e .
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TABLE IX. P r o p e r t ie s  and y i e ld s  o f  the t r y p t ic  p e p t id e s  o f  P^ . 
a g a s s i z i i  co e lo m ic  hem erythrin  su b u n it type A
P ep tid e Y ie ld 3 E le c tr o p h o r e t ic
m o b ility
Chromatographic
m o b ility
Color r e a c t io r
A-TT-1 S-7 4 6 .7 + 3 .0 4 .0 P a u ly , Toennis 
Kolb
A-TT-1 S-8 3 9 .1 0 .0 7 .0 Pauly
A-TT-2 S-4 3 5 .4 - 3 .0 2 2 .5 None
A-TT-2 S-6 2 0 .9 N.D. N.D. None
A-TT-2 S-8  e l - 1 2 2 .7 - 1 3 .0 3 .0 Pauly
A-TT-2 S -8  e l - 2 2 7 .4 - 3 .0 1 4 .4 None
A-TT-2 S -8  e l - 3 9 .2 + 1 .0 1 8 .0 P a u ly , E h r lich
A-TT-3 S-6 1 4 .4 N.D. N.D. Pauly
A-TT-3 S-8 1 9 .4 N.D. N.D. E h r lic h , Pauly
A-TT-4 e l - 1 2 5 .4 -1 1 .5 1 .5 Pauly
A-TT-4 e l - 2 2 8 .9 -1 3 .0 6 .0 Pauly
A-TT-4 e l - 4 7 .4 - 2 .5 1 2 .0 P a u ly , E h r lich
A-TT-6 1 0 .9 - 2 .0 2 1 .0 Pauly
f i e l d s  were c a lc u la te d  as th e  p ercen ta g e  o f  p e p tid e  recovered  o f  th e  e s t im a te d  1 .8  ym oles 
o f  hem erythrin  A used  fo r  th e  t r y p t ic  d ig e s t io n .
N.D. = d ata  n o t ob ta in ed
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T r y p tic  D ig e s t io n  o f  P oo led  ,P. a g a s s i z i i  C oelom ic H em erythrin
A t r y p t ic  d ig e s t io n  o f  p o o le d  co e lo m ic  P^ . a g a s s i z i i  hem eryth rin  
was perform ed in  t h i s  la b o r a to r y  in  a manner i d e n t i c a l  to  th e  p r e v io u s ly  
d e sc r ib e d  d ig e s t s  (S . Ludlam, p e r so n a l com m unication). The m ethodology  
fo r  th e  p e p t id e  s e p a r a t io n s ,  p u r i f i c a t i o n s ,  and c h a r a c te r iz a t io n s  was 
i d e n t i c a l  w ith  th a t  a lre a d y  d e s c r ib e d .
A t r y p t i c  p e p t id e  map i s  shown in  F ig . 35 . A summary o f  th e  
p o o le d  t r y p t i c  p e p t id e  d a ta  can be found in  T ab les X and XI. These 
t a b le s  do n o t  in c lu d e  p e p t id e s  w hich w ere i s o l a t e d  in  very  low  y i e l d s  
or  w hich were h ig h ly  con tam in ated .
P e p tid e  C o m p o sitio n s, S e q u en ces , and A ssignm ents
A liq u o ts  o f  a l l  i s o l a t e d  p e p t id e s  w ere h y d ro ly zed  and a n a ly zed  
fo r  amino a c id  c o m p o sit io n . Those w hich  w ere i s o l a t e d  in  s u f f i c i e n t  
q u a n tity  and r e a so n a b le  p u r ity  were s u b je c te d  to  seq u en ce a n a ly s is  from  
th e  amino term inus by th e  d a n sy l Edman tech n iq u e  or th e  s e q u e n t ia l  Edman 
r e a c t io n  w ith  d i r e c t  i d e n t i f i c a t i o n  o f  th e  PTH amino a c id  d e r iv a t iv e s .  
The ca rb o x y l te r m in i w ere seq u en ced  by u se  o f  th e  ca rb o x y p ep tid a se  
enzym es. D eterm in a tio n  o f  th e  amide amino a c id s  in  p e p t id e s  was b ased  
on n e t  e le c t r o p h o r e t ic  m o b il i ty ,  d ir e c t  PTH i d e n t i f i c a t i o n ,  and e lu t io n  
tim e on amino a c id  a n a ly s is  when removed by ca r b o x y p e p tid a se .
The t r y p t i c  p e p t id e s  o f  hem eryth rin  su b u n it type A, and the  
t r y p t i c  and ch ym otryp tic  p e p t id e s  o f  p o o le d  h em eryth rin  w ere a s s ig n e d  
as shown in  F ig . 36 a cco rd in g  to  t h e ir  hom ology w ith  th e  known prim ary  
s t r u c tu r e s  o f  (J. g o u ld i i  co e lo m ic  h em erythrin  (K lip p e n s te in  et^ a l . , 
1968) and D. p y r o id e s  m yohem erythrin (C o te , 1 9 7 3 ) . O verlapping p e p t id e s  
h e lp e d  to  con firm  assign m en ts  b ased  on hom ology, e s p e c i a l ly  in  the
F igu re  35: P e p tid e  map o f  th e  t r y p t i c  p e p t id e s  o f  p o o le d  co e lo m ic
a g a s s i z i i  h em ery th rin . C on d ition s o f  e le c t r o p h o r e s i s  and 
chrom atography i d e n t i c a l  to  th o se  o f  F ig .  2 9 . N inhyd rin  




TABLE X. The main t r y p t ic  p e p t id e s  o f  p oo led  coe lom ic  P_. a g a s s i z i i  hem erythrin
P ep tid e C om position Contam ination  Maximum (%) Proposed Sequence
TT-1 S-3 e l - 4 Lys 0 .9 8  Glu 
Met 0 .7 2  Leu






Val 1 .02  
(18% Gly)
TT-1 S-4 e l - 2 Lys 1 .0 3  H is 







1 . 0 2
Thr 0 .9 6  
Tyr 0 .9 8
TT-1 S-5 e l Lys 1 .0 7  H is 
Glu 1 .0 0  Leu 
(15% Ser)






Thr 1 .0 0  
Phe 1 .09
TT-1 S- 6 e l - 0 Lys 0 .9 5  H is 
Glu 1 .19  Gly 
Leu 0 .9 8  Phe
0 .8 9
1 .0 6







Ser 0 .9 1  
V al 1 .32
TT-1 S- 6 e l - 1 H is 0 .9 6  Arg 








Glu 2 .0 3  
Phe 0 .9 5
TT-1 S-7 e l - 1 Lys 1 .1 7  H is 
A la 1 .9 2  V al 
(14% Asp)
1 .0 8




1 . 1 1
Gly 2 .0 2  
Fhe 0 .9 4
TT-2 S-2 e l - 1 Glu 1 .0 3  Gly 0 .9 7 Leu 0 .6 9 (36% Ser)
TT-2 S -3 e l - 3 Ser 0 .9 9  Gly 
(28% Asp)





e l - 4 Glu 0 .9 8  Gly 
Lys (1 ) (17%
0 .8 9
Gly)
Leu 1 .1 8 ( 6 % Lys)
L eu -(Phe) - G ln -G lu -( G lx )-A la -  
(M et, A la , V a l, A la)-L ys' 7 
Phe
Th r-M et- Tyr- G1u-Asp-Leu-Asp-  
A sp-G ln-H is-L ys
Val
T hr-Phe-Tyr-A sp-A sp-Leu-A sp-A sp- 
G ln -H is- (Lys) 7 '
A sp -A la -H is-G lu -G ly -P h e-S er-  
(A la , Leu, V a l, A la , Lys)
G lu -A la -H is-G lu -A sn -(P h e , Leu) 
Gly-"(Arg) 7 r "
A la -H is-G lu -G ly -x-P h e -G ly -x -  
(Leu, V a l, V a lf A la ,"L ys)
(G ly) (Gin) (Leu) 
G ly-T yr-A la -S er













S- 6  e l - 1  Lys 0 .9 8  Asp 2 .0 4  H e  1 .0 1  Phe 0 .9 7
( 8 % Glu)
S- 6  e l - 7  Lys 2 .0 5  Gly 0 .9 9  Leu 1 .9 5  (7% Ser)
S- 8  e l - 7  Arg 1 .0 2  A la 0 .9 8  (42% Lys)
S-9 e l - 1  Arg 0 .9 8  H is 0 .9 8  Asp 1 .0 3  Glu 1 .0 6
Gly 1 .0 6  A la 0 .9 3  Leu 0 .9 8  Phe 0 .9 8  
( 6 % Lys)
S-9 e l - 8  Lys 1 .0 3  H is 0 .9 8  A la 1 .3 9  (13% Gly)
S-9 e l - 1  Lys 0 .9 8  H is 0 .9 0  Asp 1 .0 1  Glu 1 .15
V al 1 .1 1  l i e  0 .9 2  Leu 0 .9 5  Trp ( l ) a 
(17% Gly)
S-9 e l - 3  Lys 1 .0 9  H is 0 .9 7  Asp 1 .1 6  Ser 0 .8 2
Gly 1 .1 2  A la 1 .0 1  Tyr 1 .9 0  (13% l i e )
S-10 Lys 1 .2 8  H is 0 .9 5  Asp 1 .1 6  Gly 2 .0 8
Ala 0 .8 7  Tyr 1 .6 5  (32% Glu)
S - l l  Lys 1 .0 3  H is 1 .0 1  Gly 2 .1 9  A la 1 .7 8
Tyr 1 .99  (15% Ser)
Gly 2 .3 2  Tyr 1 .6 8  (10% Gly)
S- 8  e l - 6  Arg 0 .8 5  Asp 0 .9 6  Gly 1 .2 8  A la  1 .9 1
Tyr 1 .0 4  (42% Lys)
Assumed p r e se n t  by a p o s i t i v e  E h r lich  r e a c t io n
A sx -Ile -A sx -P h e-L y s
 7 --------7  7  7 — £— 7
Gly-Lys-Leu-Leu-Lys^
Ala-Ar^
A la -H is-G lu -A s p -(P h e , Leu,
Gly j- Arg) ~
A la - (H is ,  Lys)
A sp -T rp -L eu -V al-G ln -H is-( I l e , Lys)
T yr-S er-G ly -T y r-A sn -A la -H is-
" /  f  ■ J  — 7  ■ ■ 1 ~ f   T  r
T y r-(Asp) - G ly -T y r-G ly -A la -H is-  
(Lys) z 7
Tyr-G ly-G ly-T yr
G ly-T yr-A la -S er-A la -A rg
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TABLE X I. P r o p e r t ie s  and y i e ld s  o f  th e  t r y p t ic  p e p t id e s  o f  p oo led  ]?. a g a s s i z i i  coe lom ic  hem erythrin
P ep tid e Y ie ld 3 E le c tr o p h o r e t ic
m o b ility
Chromatographic
m o b ility
C olor R ea ctio n s
TT-1 S -3 e l - 4 1 .3 4 - 2 . 0 1 9 .5 Toennis-K olb
TT-1 S -4 e l - 2 3 .4 4 + 3 .0 4 .5 P a u ly , T oennis-K olb
TT-1 S-5 e l 2 .8 5 + 3 .5 5 .5 Pauly
TT-1 S- 6 e l - 0 2 .3 5 0 . 0 7 .0 Pauly
TT-1 S- 6 e l - 1 1 .5 2 + 5 .0 6 .5 P a u ly , Sakaguchi
TT-1 S-7 e l - 1 1 . 8 6 - 0 .5 9 .5 Pauly
TT-2 S-2 e l - 1 0 .9 6 - 2 .5 1 9 .0 None
TT-2 S-3 e l - 3 0 .6 7 - 2 . 0 1 3 .5 Pauly
TT-2 S-3 e l - 4 1 .3 3 - 2 . 0 1 9 .0 None
TT-2 S -4 1 2 .4 4 -2 0 .5 4 .5 None
TT-2 S- 6 e l - 1 2 .1 6 - 5 .0 1 1 . 0 None
TT-2 S- 6 e l - 7 1 . 6 8 - 2 . 0 1 0 . 0 None
TT-2 S- 8 e l - 6 0 .7 5 -1 1 .5 4 .0 P a u ly , Sakaguchi
TT-2 S- 8 e l - 7 1 .3 8 -1 9 .5 3 .5 Sakaguchi
TT-2 S-9 e l - 1 1 .0 7 0 . 0 6 . 0 P a u ly , Sakaguchi
TT-2 S-9 e l - 8 0 . 6 6 -1 8 .0 0 . 0 Pauly
TT-3 S-9 e l - 1 0 .7 2 0 . 0 9 .0 P a u ly , E h r lich
TT-3 S-9 e l - 3 2 .2 6 - 7 .5 1 .5 Pauly
TT-3 S-10 3 .52 - 6 . 0 1 .5 Pauly
TT-3 S - l l 3 .8 4 - 1 3 .0 1 . 0 Pauly
TT-4 6 .5 0 - 0 .5 16 .5 Pauly
f i e l d s  were c a lc u la te d  as th e  p ercen ta g e  o f  p e p tid e  reco v ered  o f  th e  o r ig in a l  15 pmoles o f  
p r o te in  used  fo r  th e  t r y p t ic  d ig e s t io n .
F igu re  36: A ssignm ents o f  P^ . a g a s s i z i i  c o e lo m ic  h em eryth rin  p e p t id e s
b ased  on hom ology w ith  known h em eryth rin  prim ary s tr u c tu r e s  
and p e p t id e  o v e r la p s  where a v a i la b le .  Data from both  
t r y p t ic  d ig e s t io n s  and the ch ym otryp tic  d ig e s t io n  are  
p r e se n te d . The num bering i s  b ased  on th a t  u sed  fo r  CJ. 
g o u ld i i  co e lo m ic  h em eryth rin  (K lip p e n s te in  e t  a l . , 1 9 6 8 ).
F igure 36
N-Terminus
P oo led  r 1  3?*
Hem erythrin — ^  — %  k
Trp 5 10 A la
Subunit Type A G lv -P h e-L eu -V al-P ro-G lu -P ro-T yr-V al-T rp -A sp -A la -V al-Thr
Trp 5 10 15
G ly-P he-P ro-V al-P ro-G lu -P ro-T yr-V al-T rp -A sp -A la -S er-P h e-L ys
S erc
T ry p tic  A * A-TT-2 S- 8  e l - 3-
Chym otryptic P ooled  G-7Ch-f-«-G-2 S -3  elA 4— ► «-— G 3S-lelB
4 -G- 2  S -3  e l  A3— ►
Metb ,d  Glub 20 25
T hr-Phe-T yr-A sp-A sp-L eu-A sp-A sp-G ln-H is-L ys-G lx-L eu-Phe
T ry p tic  A----------------*---------------------------- A-TT-1 S-7----------------------------- ►
C hym otryptic P ooled  G -3Sle{B«----------------------------------G-2 S -4  e l-A ------------------------►
T ry p tic  P ooled  <----------------------------- TT-1 S-5 e l --------------------------- ►
Sequence in com p lete  fo r  r e s id u e s  30-63
T ry p tic  A
C hym otryptic P ooled  
T ry p tic  P ooled
65 Glyb , f  70 Alab 75 80
V a l-A la -L y s-T y r-S er-G ly -T y r-A sn -A la -H is-L y s-G lu -A la -A la -H is-G ly -P h e
Aspc » 8  A la°G luCGlnC Asp0
Glyc ’ S
«— A-TT-4 e l - 1 -----------------------------►
<— A-TT- 6 --------- ►
«— G-3 S le lB — ► 4— G-4 C h-2V «—------------G-2 S-7  C h -ls-
<---------------- G -l S - l l 8---------
-TT-3 S - l l h-
TT-3 S-9 e l - 3 1-  
4—TT-4°------------- ►
Sequence in co m p lete  fo r  r e s id u e s  82-89
T ry p tic  A
C hym otryptic p oo led  
T ry p tic  P ooled
T ry p tic  A
Chym otryptic P ooled  
T r y p tic  P ooled
90 95 100 Thrb 105
G ly -S er -A la -T y r-A la -L y s-A sp -T rp -L eu -V a l-G ln -H is-I le -L y s-A sn -I le -A sp
Argn
*— A-TT-2 S- 8  e l - 1 -
G-3 S-2 e l-N
-A-TT-3 S - 8- 
 ►
~t-TT-2 S -8 e l2  
,1G-2 S-5 e l-N -3  
 G-2 S-9 e l - N - l f
4—G-2 S-5 e l-N -2
TT-2
S- 8, - Xe l - 7
TT-3 S-9 e l - 1 TT-*2  ^ S- 6  e l - 1
, C00H-Terminus
110 Gin 
P he-L ys-T yr-L ys-G ly-L ys-L eu
-------------- A-TT-3 S- 6 -----------►
4A-TT- 4~* 4-A-TT- 4----- ►
e l - 2  S -4
* G-3 S -2  < G-2 S -5 e lB l^ >
— ► e l-B
 ► «-----G-2 S-5elB 2^->
 ►
V a r ia n t  probably p r e se n t  in  A a lon g  w ith  Phe
^V ariants found in  hem erythrin  A in  p la c e  o f  a p oo led  r e s id u e
V a r ia n t s  found in  ch ym otryptic  p e p tid e s
^Chym otryptic p e p tid e  Lys-Thr-M et-Tyr n ot i s o la t e d
e Chym otryptic p e p tid e  G-2 S-9 e l-N -1  co n ta in ed  0 .5  Asn and 0 .5  Thr w hich were sequenced  a t  
p o s i t io n  105.
^Chymotryptic p e p tid e  G ly-G ly-T yr n ot i s o la t e d
®Amino term inus o f  ch ym otryp tic  p e p tid e  G-2 S-7  Ch-1 Asp and G -l S - l l  Gly
1.
A la a t  p o s i t io n  71 
■""Asn a t  p o s i t io n  71 
^Amino term in a l Ser
^ P erson a l comm unication S. Ludlam and G. L. K lip p e n ste in
^ P eptide G-2 S-5 e l-N -3  co n ta in ed  Thr a t p o s i t io n  104 and G-2 S-5 e l-N -2  con ta in ed  Ser a t  
th e  same p o s i t io n
P e p t id e  G-2 S-5 e l- B - 1  co n ta in ed  Gin a t  p o s i t io n  112 and G-2 S-9 e l-B -2  con ta in ed  Lys a t  
the same p o s i t io n
nV ariant found in  p o o led  t r y p t ic  p e p tid e  TT-2 S- 8  e l - 7  which cannot be in  hem erythrin  A which  
la c k s  a r g in in e .
°P e p tid e  TT-4 had Gly a t  p o s i t io n  6 8 .
F ilm ed  a s  r e c e iv e d  
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ca rb o x y l ter m in a l r e g io n  o f  th e  p r o t e in .
D ir e c t  seq u en ce  work on p o o led  hem erythrin  and su b u n it  typ e  A 
gave r e l i a b le  in fo r m a tio n  on th e  f i r s t  1 2  r e s id u e s  o f  th e  amino term inus 
and t e n t a t iv e  i d e n t i f i c a t i o n  on th e  n e x t two r e s id u e s .
P e p tid e  A-TT-3 S- 8  e l - 3  The co m p o sitio n  and p a r t ia l  seq u en ce o f  t h is  
t r y p t i c  p e p t id e  from  th e  h em eryth rin  A d ig e s t  s u g g e s te d  th a t  i t  was th e  
amino term in a l p e p t id e .  The seq u en ce o f  th e  f i r s t  n in e  r e s id u e s  had a 
c lo s e  homology w ith  th a t  o f  th e  known h e m er y th r in s . The p lacem ent o f  
tryp toph an  a t  p o s i t io n  1 0  was b ased  on co m p o sit io n , hom ology, and the  
ch ym otryp tic  p e p t id e  G-7 Ch-3. R esidue 11 was sequenced  and 1 2 -14  te n ­
t a t i v e l y  p la c ed  on th e  b a s i s  o f  co m p o sitio n  and the seq u en ce o f  the  
ch y m o try p tic  p e p t id e  G-2 S -2  e l - A - 4 .  L ysin e  was assumed to  b e  th e  
ca rb o x y l term inus b ased  on co m p o sitio n  and t r y p t ic  s p e c i f i c i t y .
P e p t id e s  A-TT-1 S -7  and TT-1 S-5  These p e p t id e s  were a s s ig n e d  to  p o s i ­
t io n s  16-26  on th e  b a s i s  o f  c lo s e  homology w ith  th e  p r e v io u s ly  sequenced  
h e m er y th r in s . The h em eryth rin  A p e p t id e ,  A-TT-1 S -7 , c o n ta in ed  m eth i­
o n in e  in  p la c e  o f  p h e n y la la n in e  a t  p o s i t io n  17 and g lu ta m ic  a c id  in  
p la c e  o f  a s p a r t ic  a c id  a t  p o s i t i o n  19 . The o v e r la p p in g  ch ym otryp tic  
p e p t id e ,  G-3 S - l  e l - B ,  had a ca rb o x y l term inus o f  p h e n y la la n in e . The 
p o t e n t ia l  o v e r la p p in g  ch ym otryp tic  p e p t id e  c o n ta in in g  m e th io n in e , and a 
ca rb o x y l term in a l ty r o s in e  was n o t i s o l a t e d  from th e  p o o le d  ch ym otryp tic  
d i g e s t .
P e p tid e  G-2 S -4  e l-A  T h is o v e r la p p in g  ch ym otryp tic  p e p t id e  had been  
c le a v e d  betw een  p o s i t io n s  17 and 18 . The p o t e n t ia l  p e p t id e  from a chymo­
t r y p t i c  c le a v a g e  a f t e r  p o s i t i o n  18 was n o t i s o l a t e d .  The f i r s t  n in e  
r e s id u e s  o f  t h is  p e p t id e  w ere sequenced  by d ir e c t  i d e n t i f i c a t i o n  o f  th e  
PTH amino a c id  d e r iv a t iv e s .  On th e  b a s i s  o f  homology w ith  th e  t r y p t ic
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p e p t id e s ,  and th e  known h em eryth rin  s e q u e n c e s , th e se  r e s id u e s  were a s ­
s ig n e d  to  p o s i t io n s  1 8 -2 6 . The rem ain ing r e s id u e s  o f  t h i s  p e p t id e  were 
sequenced  by ca rb o x y p ep tid a se  d ig e s t io n  w hich a llo w ed  e x te n s io n  o f  th e  
t o t a l  amino term in a l h em eryth rin  seq u en ce to  p o s i t io n  29 .
No p e p t id e s  cou ld  be a s s ig n e d  to  p o s i t io n s  30 -63  o f  th e  t o t a l  
h em erythrin  seq u en ce w ith  th e  in fo r m a tio n  a v a i la b le .
P e p tid e  G-3 S - l  e l- B  This d e s ig n a t io n  a c tu a l ly  co v ers  two p e p t id e s  w hich  
c o -e le c tr o p h o r e s e d  and co-chrom atographed w ith  th e  system s and c o n d it io n s  
used fo r  p e p t id e  i s o l a t i o n  and p u r i f i c a t i o n .  Amino a c id  a n a ly s is  r e ­
v e a le d  th e  p r e sen ce  o f  two p e p t id e s ,  in  about a 3 :1  r a t i o ,  w ith  o n ly  one 
r e s id u e  in  common, l y s i n e .  The d an sy l Edman seq u en ce p roced u re gave  
two d i f f e r e n t  s p o ts  w hich d i f f e r e d  n o t ic e a b ly  in  i n t e n s i t y .  The amino 
term inus and an a d d it io n a l  r e s id u e  o f  each  p e p t id e  was seq u en ced  in  t h is  
manner. C arboxyp ep tidase d ig e s t io n  r e le a s e d  th e  ca rb o x y l term in a l r e s i ­
due o f  each  p e p t id e  in  n e a r ly  th e  e x p e c te d  r a t i o .  These d a ta  a llo w ed  
th e  d e ter m in a tio n  o f  th e  t o t a l  seq u en ce o f  th e  t r ip e p t id e  w hich has  
a lrea d y  been d is c u s s e d  as a c r i t i c a l  ch ym otryp tic  o v er la p  p e p t id e  in  the  
f i r s t  29 p o s i t io n s  o f  t h i s  h e m er y th r in 's  prim ary s t r u c t u r e .  The t e t r a -  
p e p t id e  had o n ly  l y s i n e  unaccounted  f o r ,  and by d i f f e r e n c e ,  i t  had to  
be th e  th ir d  r e s id u e  in  t h i s  p e p t id e .
The p lacem en t o f  th e  te tr a p e p t id e  in  G-3 S - l  e l- B  a t  p o s i t io n s  
64 -67  was b ased  on hom ology w ith  th e  known h em eryth rin s and a one r e s id u e  
o v er la p  w ith  th e  t r y p t i c  p e p t id e s  d is c u s s e d  in  th e  fo l lo w in g  s e c t io n .
This assign m en t sh o u ld  be c o n s id er e d  tenuous a t  b e s t .
P e p t id e s  A-TT-4 e l - 1 , A-TT-6 , and TT-4 The h em erythrin  A t r y p t i c  pep­
t id e s  w ere a s s ig n e d  to  p o s i t io n s  67 -74  b ased  on a r e a so n a b le  hom ology 
w ith  th e  known h em eryth rin  prim ary s t r u c t u r e s .  P e p tid e  A-TT- 6  and TT-4
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re p r ese n te d  un exp ected  c le a v a g e s  fo r  tr y p s in  s in c e  th e  ca rb o x y l term inus  
o f  ty r o s in e  would norm ally  be a s s o c ia t e d  w ith  a ch ym otryp tic  p e p t id e .  
A lso , th e se  te tr a p e p t id e s fo r m  th e amino term in a l h a l f  o f  A-TT-4 e l - 1 .  
P e p tid e  TT-3 S - l l  This p e p t id e  was i d e n t i c a l  in  com p osition  and s e ­
quence to  A-TT-4 e l - 1  o f  th e  hem erythrin  A t r y p t ic  d ig e s t  and d i f f e r e d  
on ly  in  i t s  s o u r c e , p o o le d  h em eryth rin .
P e p tid e  TT-3 S-9 e l - 3  V ariance a t  p o s i t io n s  6 8  and 71 was n o ted  in  t h is  
p o o led  h em erythrin  p e p t id e . S e r in e  r e p la c e d  g ly c in e  and a sp a ra g in e  
r e p la c e d  a la n in e  in  t h is  p e p t id e  w hich was a s s ig n e d  to  p o s i t io n s  6 7 -74  
in  th e  hem erythrin  seq u e n c e . O th erw ise , t h i s  p e p t id e  was i d e n t i c a l  in  
c om p osition  and sequence to  the a lre a d y  d e sc r ib e d  t r y p t ic  p e p t id e s  o f  
t h is  r e g io n .
P e p tid e  G-4 Ch-2 This was an e x p e c te d  ch ym otryp tic  c le a v a g e  w ith in  the  
t r y p t i c  p e p t id e  TT-3 S-9 e l - 3 ;  how ever, the e x p e c te d  ch ym otryp tic  pep­
t id e  fo r  A-TT-4 e l - 1  o f  h em eryth rin  A was n ot i s o l a t e d .
P e p t id e s  G-2 S -7  Ch-1 and G -l S - l l  These p e p t id e s  w ere a s s ig n e d  to  
p o s i t io n s  75-80 based  on a fo u r  r e s id u e  o v er la p  and hom ology w ith  th e  
known h em eryth rin  prim ary s t r u c t u r e s .  The form er had an amino term inus  
o f  a s p a r t ic  a c id  and th e  l a t t e r  g ly c in e  w hich in d ic a te d  s t i l l  more 
v a r ia t io n  a t  p o s i t io n  71. Between p o s i t io n s  7 5 -7 7 , and a t  p o s i t io n  79 , 
th e se  p e p t id e s  d i f f e r e d  in  co m p o sitio n  and seq u en ce from one an o th er .
No p e p t id e s  co u ld  be a s s ig n e d  to  p o s i t io n s  82-89 o f  th e  t o t a l  
hem erythrin  seq u en ce w ith  th e  in fo rm a tio n  a v a i la b le .
P e p tid e  A-TT-2 S- 8  e l - 1  This hem erythrin  A p e p t id e  was a s s ig n e d  to  
p o s i t io n s  90 -95  on th e  b a s i s  o f  homology w ith  th e  known hem erythrin  
prim ary s tr u c tu r e s  and a two r e s id u e  carb oxy l term in a l o v er la p  w ith  the  
amino term inus o f  th e  ch ym otryp tic  p e p t id e  G-3 S-2  e l - N . An unusual
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p o o led  t r y p t i c  p e p t id e ,  TT-2 S- 8  e l - 1 ,  r e p r e se n te d  a chym otryptic  
c le a v a g e  a t  the amino term inus and a t y p ic a l  t r y p t i c  c le a v a g e  a t  the 
ca rb o x y l term in u s. This p e p t id e  a llo w ed  th e  t e n t a t iv e  assignm ent o f  
a r g in in e  to  p o s i t io n  95 . The ch ym otryp tic  p e p t id e  G-3 S-2 e l-N  had the  
l y s in e  v a r ia n t  a t  t h is  p o s i t io n  and s in c e  h em eryth rin  A la c k s  a r g in in e ,  
t h is  p e p t id e  must have been  c le a v e d  from t h i s  su b u n it  ty p e .
P e p tid e s  A-TT-3 S- 8  and TT-3 S-9 e l - 1  These t r y p t i c  p e p t id e s  were 
i d e n t i c a l  in  com p osition  and se q u e n c e , the form er h av in g  been i s o l a t e d  
from th e  hem erythrin  A d i g e s t ,  and th e  l a t t e r  from the p o o led  hemery­
th r in  d i g e s t .  Based on a n e a r ly  p e r f e c t  hom ology w ith  th e  known hemery­
th r in  prim ary s t r u c t u r e s ,  and two to  th ree  r e s id u e  o v e r la p s  a t  the amino 
and ca rb o x y l ter m in i w ith  ch ym otryp tic  p e p t id e s ,  th e se  p e p t id e s  were 
a s s ig n e d  to  p o s i t io n s  9 6 -1 0 3 .
P e p t id e s  A-TT-2 S- 8  e l - 2  and TT-2 S- 6  Except fo r  th e  amino te r m in i,  
th e se  p e p t id e s  w ere o f  th e  same com p osition  and seq u en ce . In A-TT-2 S- 8  
e l - 2 ,  a h em eryth rin  A p e p t id e ,  th e  amino term inus was th r eo n in e  w h ile  
th a t  o f  TT-2 S- 6  e l - 1 ,  a p o o le d  hem erythrin  p e p t id e ,  had a sp arag in e  as 
th e  amino term in u s. The n e a r ly  p e r fe c t  hom ology o f  th e se  p e p t id e s  w ith  
th o se  o f  th e  known hem eryth rin  s t r u c t u r e s ,  and o v e r la p s  w ith  chymotryp­
t i c  p e p t id e s  fo r  both  th e  amino and carb oxy l t e r m in i, a llow ed  the p la c e ­
ment o f  th e se  p e p t id e s  a t  p o s i t io n s  10 4 -1 0 8 .
P e p tid e s  G-2 S-5  e l - N - 3 and G-2 S-5 e l-N -2  Both o f  th e se  p e p t id e s  
r e p r e se n te d  an unusual ch ym otryp tic  c le a v a g e  th a t  occu rred  j u s t  a f t e r  
h i s t i d i n e  101 . With th e  e x c e p t io n  o f  th e  e x p e c te d  v a r ia n c e  in  com posi­
t io n ,  th r e o n in e  fo r  a sp a r a g in e , the p e p t id e s  had i d e n t i c a l  com p osition s  
and s e q u e n c e s .
P e p tid e  G-2 S-9 e l-N -1  There were two unusual f e a tu r e s  n o ted  fo r  t h is
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p e p t id e .  The ch ym otryp tic  c le a v a g e  a t  the amino term inus occu rred  j u s t  
a f t e r  p o s i t io n  100 , a g lu ta m in e . A ls o , the p e p t id e  c o n ta in ed  0 .5  r e s i ­
dues o f  th r eo n in e  and 0 .5  r e s id u e s  o f  a sp a r a g in e . These w ere c le a r ly  
lo c a t e d  a t  p o s i t io n  104 by d ir e c t  i d e n t i f i c a t i o n  o f  th e  PTH d e r iv a t iv e s .  
T his p e p t id e  c o n ta in s  th e  seq u en ces o f  th e  j u s t  d e sc r ib e d  ch ym otryptic  
p e p t id e s  and p r o v id e s  th e  o ver lap  fo r  th e  t r y p t ic  p e p t id e s  o f  th e  r e g io n .  
I t  was a s s ig n e d  to  p o s i t io n s  1 01 -107 .
P e p t id e s  A-TT-3 S -6 , A-TT-4 e l - 2 , and A-TT-2 S-4  These hem erythrin  A 
p e p t id e s  r e p r e se n te d  th e  e x p e c te d  t r y p t i c  p e p t id e s  fo r  the ca rb o x y l 
term inus o f  hem erythrin  A. P e p tid e  A-TT-3 S- 6  was a s s ig n e d  to  p o s i t io n s  
109-113  b ased  on e x c e l le n t  homology w ith  th e  known h em ery th r in s . The 
o th e r  two t r y p t i c  p e p t id e s  r e p r e se n t  an e x p e c te d  in t e r n a l  c le a v a g e  o f  
A-TT-3 S- 6  by tr y p s in .
P e p tid e s  G-2 S-5 e l - B - 1 , G-2 S-9 e l - B - 2 , and G-3 S-2 e l-B  These pep­
t id e s  covered  th e  e x p e c te d  ch ym otryp tic  c le a v a g e s  betw een p o s i t io n s  108-  
113. P e p tid e s  G-2 S-5  e l - B - 1  and G-2 S-9 e l-B -2  w ere i d e n t i c a l  in  
seq u en ce and com p osition  e x c ep t fo r  a g lu ta m in e - ly s in e  in te r c h a n g e  a t  
p o s i t io n  112. S in ce  g lu tam in e occu rred  in  hem erythrin  A, a t  t h is  p o s i ­
t io n ,  and l y s i n e  in  one o f  the p o o led  ch ym otryp tic  p e p t id e s ,  the ly s in e
v a r ia n t  must occu r  in  th e  o th er  su b u n it ty p e s . The d ip e p t id e  G-3 S-2  
e l-B  was an e x p e c te d  ch ym otryp tic  o v e r la p  p e p t id e  o f  th e  carb oxy l 
term in a l r e g io n  fo r  p o s i t io n s  108 and 109.
U nassigned  P e p tid e s
A number o f  p e p t id e s  were i s o l a t e d  in  r e l a t i v e l y  h ig h  y i e ld s  
b u t cou ld  n o t be p la c e d  in  th e  proposed  hem erythrin  seq u en ce w ith  any
d egree  o f  c e r t a in t y .  Some r e s i s t e d  a l l  a ttem p ts to  sequence them w h ile
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o th e r s  gave ambiguous or c o n tr a d ic to r y  r e s u l t s .
Free l y s in e  was found a f t e r  b oth  t r y p t ic  d ig e s t s  and may b e lo n g  
a t  p o s i t io n  49. P e p tid es  TT-1 S -3  e l - 4 ,  G-2 S-2  e l - A - 6 , and G-2 S-2  e l -  
A-7 a l l  c o n ta in e d  m eth ion in e  and were s u sp e c te d  o f  b e in g  from th e same 
r e g io n  o f  th e  t o t a l  seq u en ce . U n fo r tu n a te ly , th e  sequence d a ta  fo r  the  
amino and ca rb o x y l ter m in i o f  th e se  p e p t id e s  were c o n tr a d ic to r y .
The ch ym otryp tic  p e p t id e  G-2 S -1 2 , when sequenced  by b o th  th e  
d a n sy l Edman tech n iq u e  and th e  Edman d egrad ation  w ith  d ir e c t  i d e n t i f i ­
c a t io n  o f  the PTH d e r iv a t iv e s ,  gave t o t a l l y  c o n fu s in g  r e s u l t s .  Carboxy­
p e p t id a se  d ig e s t io n  c le a r ly  in d ic a te d  a carb oxy l term in a l p h e n y la la n in e  
b u t n o th in g  c o n c lu s iv e  beyond t h i s  r e s id u e .
The ch ym otryp tic  p e p t id e  G- 6  Ch-1 may be a v a r ia n t  o f  G-7 Ch-3 
and on t h is  b a s i s  cou ld  be a s s ig n e d  to  p o s i t io n s  9 and 10 in  th e  t o t a l  
seq u en ce .
The rem ain ing p e p t id e s ,  fo r  w hich com plete or n e a r ly  com plete  
seq u en ce d ata  w ere a v a i la b le ,  w ere n o t p la c ed  in  th e  t o t a l  hem erythrin  
sequence due to  an absence o f  o v er la p p in g  p e p t id e s  and the la c k  o f  
r e c o g n iz a b le  homology w ith  th e  known hem erythrin  prim ary s t r u c t u r e s .
P a r t ia l ly  sequenced  p e p t id e s ,  and th o se  known by t h e ir  com posi­
t io n s  o n ly ,  were n o t p la c e d  in  th e  o v e r a l l  sequence u n le s s  a com p osition  
homology e x is t e d  w ith  th e  known h em erythrin s or a lrea d y  sequenced  P^  
a g a s s i z i i  p e p t id e s .
P.* a g a s s i z i i  M yohemerythrin
]?. a g a s s i z i i  m etazidem yohem erythrin had the a b so r p tio n  spectrum  
shown in  F ig . 37 w hich c lo s e ly  resem b les th a t  o f  I), p y r o id e s  m eta z id e­
m yohem erythrin (Van R ip er , 1 9 7 2 ). A n a ly t ic a l  d i s c  g e l  e le c t r o p h o r e s i s ,
F igu re  37: The a b so r p tio n  spectrum  o f  ]P. a g a s s i z i i  m etazidem yohem ery-
th r in  (----- ) compared w ith  th a t  o f  I), p y r o id e s  m etazidem yo-
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on 7% acry lam id e  g e l s ,  r e v e a le d  a d ark ly  s ta in e d  band o f  h ig h  m o b il i ty  
w hich was probab ly  m yohem erythrin, and a l i g h t l y  s ta in e d  band o f  low er  
m o b il ity  w hich was probab ly  a h ig h e r  m o lecu la r  w e ig h t im p u rity  ( s e e  F ig .  
3 8 ) .
U lt r a c e n tr ifu g a t io n  gave a m ajor s lo w ly  m ig r a tin g  p eak , and a 
sm a ll  amount o f  a r a p id ly  m ig r a tin g  peak . The major peak had an S2 0  w 
o f  1 .8 7  S w hich was in  th e  same range as th a t  o f  D. p y r o id e s  myohemery­
t h r in ,  s | o >w = 1*5 S (Van R ip e r , 1 9 7 2 ).
S D S-p olyacrylam ide g e l  e le c tr o p h o r e s i s  (F ig . 38) r e v e a le d  two 
bands w ith  m o lecu la r  w e ig h ts  o f  1 9 ,7 0 0  and 13 ,8 0 0  (F ig . 3 9 ) . The l i g h t l y  
s ta in e d  band o f  low er m o b il i ty  p robab ly  c o n ta in ed  su b u n its  o f  th e  h igh  
m o lecu la r  w e ig h t im p u rity  s u sp e c te d  o f  b e in g  p r e s e n t . The d ark ly  s ta in e d  
band o f  h ig h e r  m o b il i ty  had a m o lecu la r  w e ig h t very  c lo s e  to  th a t  o f  JD. 
p y r o id e s  m yohem erythrin w hich has been  c a lc u la t e d  as 1 3 ,9 0 0  b ased  on the  
known seq u en ce (G. L. K lip p e n s t e in , p e r so n a l com m unication).
P^ . a g a s s i z i i  V ascu lar  System
A lthough Manwell (1963) r ep o r ted  th a t  P_. a g a s s i z i i  does n o t have  
a v a s c u la r  sy ste m , I  have ob served  one in  t h is  organism . A long the  
r e t r a c to r  m u scles  a c o lo r l e s s  tube becomes a p u r p le -p in k  on exp osu re to  
a i r  as do the m u scles  to  a l e s s e r  d e g r e e . The same phenomenon has been  
o b served  in  I), p y r o id e s  when th e  more e x t e n s iv e  v a s c u la r  sy stem  o f  t h is  
worm was exp osed  to  a i r .
E r y th r o c y te s  in  th e  sm a ll v a s c u la r  sy stem  o f  P^ . a g a s s i z i i  were  
about 15 m icrons in  d iam eter  w h ile  th o se  o f  th e  co e lo m ic  f lu i d  were  
about 25 m icrons in  d ia m eter . S im ila r  s i z e  d i f f e r e n c e s  have been  ob­
se rv e d  f o r  th e  co e lo m ic  and v a s c u la r  e r y th r o c y te s  o f  the s ip u n c u lid
F igu re  38: The P^ . a g a s s i z i i  m yohem erythrin band p a tte r n  on an SDS-
p o ly a cry la m id e  m o lecu la r  w e ig h t g e l  ( l e f t )  and on a stan d ard  
7% acry lam id e  d is c  g e l  ( r i g h t ) .
t
F igu re 39: C a lib r a tio n  curve o f  SD S-polyacrylam ide e le c tr o p h o r e s is  g e ls
used  fo r  m yohem erythrin m o lecu la r  w e ig h t d e ter m in a tio n .
The sta n d a rd s were i d e n t i c a l  to  th o se  used  in  F ig . 11 and 
p r o te in  m o b i l i t i e s  w ere determ ined  in  th e  same manner.
Arrows mark th e  m o b i l i t i e s  o f  th e  bands o b serv ed .




Dendrostomum p y r o id e s  (M anw ell, 1960b ).
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DISCUSSION
A l l  n a t iv e  co e lo m ic  h em eryth rin s p r e v io u s ly  s tu d ie d  have been  
found to  be o c ta m er ic  p r o te in s  w ith  m o lecu la r  w e ig h ts  around 1 0 0 , 0 0 0  
and monomer m o lecu la r  w e ig h ts  n ear  1 3 ,5 0 0  (K lo tz  and K e r e sz te s -N a g y , 
1963; F e r r e l l  and K it t o ,  1970; B a tes  et_ al . , 1968; J o sh i and S u l l iv a n ,  
1 9 7 3 ) . The c o e lo m ic  h em eryth rin  o f  P_. a g a s s i z i i  has a monomer m o lecu lar  
w e ig h t o f  about 1 2 ,7 0 0  w hich  i s  in  th e  e x p ec ted  w e ig h t ra n g e . However, 
th e  m o lecu la r  w e ig h t o f  the n a t iv e  !P. a g a s s i z i i  co e lo m ic  hem erythrin  
from g e l  chrom atography i s  3 2 ,2 0 0 , a v a lu e  c o m p le te ly  in c o n s is t e n t  w ith  
an o cta m er ic  s t r u c t u r e .  The se d im e n ta tio n  c o e f f i c i e n t  o f  3 .6 5  S i s  a ls o  
s i g n i f i c a n t l y  low er than th e  6 . 6  S r ep o r ted  fo r  (S. g o u ld i i  co e lo m ic  
hem erythrin  (K lo tz  and K e r e sz te s -N a g y , 1 9 6 3 ). S in c e  n e i th e r  g e l  chrom­
atography (F ig . 7) nor th e  se d im e n ta tio n  s tu d ie s  ( F ig s .  8  and 9) show 
any anomalous c o n c e n tr a t io n  dependence, the p o s s i b i l i t y  o f  o b ta in in g  
low v a lu e s  b ecau se  o f  d i s s o c i a t i o n  o f  a la r g e r  o lig o m er  seem s to  be 
r u le d  o u t.
N e v e r th e le s s ,  i t  i s  tru e  th a t  a m o lecu lar  w e ig h t o f  3 2 ,2 0 0  i s  
somewhat low fo r  a p r o te in  o f  3 .6 5  S. Use o f  the S to k e 's  ra d iu s  and 
th e  se d im e n ta tio n  c o e f f i c i e n t  gave a c a lc u la te d  m o lecu la r  w e ig h t o f  
4 0 ,6 0 0 . T his d i f f e r e n c e  can be e x p la in e d  i f  one assum es th a t  th e  
m o lecu le  i s  ex trem ely  com pact, d u e , fo r  in s t a n c e ,  to  c lo s e  pack in g  o f  
the s u b u n it s .  In t h is  c a s e ,  th e  f r i c t i o n a l  r a t io  would be n e a r ly  1 and 
as a r e s u l t  th e  m o lecu la r  w e ig h t from  g e l  chrom atography would be low er  
than e x p e c te d . A ls o , the se d im e n ta tio n  c o e f f i c i e n t  would be s l i g h t l y  
h ig h e r  than fo r  an "average" p r o te in  in  t h is  m o lecu la r  w e ig h t ran ge .
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S ed im en ta tio n  e q u ilib r iu m  u l t r a c e n t r i f u g a t io n  has been  perform ed on 
n a t iv e  p o o le d  P^ . a g a s s i z i i  co e lo m ic  m etazid eh em eryth rin  a t  an oth er  
la b o r a to r y  on sam ples s e n t  from t h i s  la b o r a to r y . A m o lecu la r  w e ig h t  o f  
3 6 ,4 0 0  was o b ta in ed  in  th e se  exp er im en ts (N. V. B eau d ette  and N. R. 
Langerman, p e r so n a l com m unication, 1 9 7 4 ).
I t  was th e r e fo r e  conclu ded  th a t  P_. a g a s s i z i i  co e lo m ic  hemery­
th r in  e x i s t s  as a tr im er  o f  1 2 ,7 0 0  m o lecu la r  w e ig h t s u b u n its .  A d d it io n a l  
su p p ort fo r  t h is  c o n c lu s io n  was o b ta in ed  by c r o s s - l in k in g  w ith  d im eth y l 
s u b e r im id a te . C r o s s - l in k s  are formed betw een p o ly p e p t id e  ch a in s w ith in  
th e  o ligom er in  t h i s  trea tm en t and g iv e  r i s e ,  upon d e n a tu r a tio n , to  
c o v a le n t ly  l in k e d  s p e c i e s ,  th e  m o lecu la r  w e ig h ts  o f  w hich are m u lt ip le s  
o f  th e  monomer m o lecu la r  w e ig h t . The c o r r e c t  number o f  monomers in  the  
o lig o m er  i s  in d ic a te d  by th e  number o f  p r in c ip a l  s p e c ie s  d e te c te d  
(D av ies  and S ta r k , 1 9 7 0 ) . The appearance o f  th r e e  bands on the SDS- 
p o ly a cry la m id e  g e ls  o f  c r o s s - l in k e d  h em eryth rin  in d ic a te d  th a t  the  
o ligom er c o n s is t s  o f  th r ee  su b u n its  (F ig . 1 3 ) . The bands are m u lt ip le s  
o f  a monomer m o lecu la r  w e ig h t n ear 1 3 ,0 0 0  (F ig . 1 4 ) . The smear o f  
h ig h e r  m o lecu la r  w e ig h t  s p e c ie s  in  over lo a d ed  SD S-p olyacrylam ide g e ls  
has been ob served  w ith  o th e r  p r o te in s  (D av ies and S ta r k , 1970; C arpenter  
and H a rr in g to n , 1 9 7 2 ).
A m odel b ased  on th e  d i f f e r e n t  charge ty p es  has been  form u lated  
(T ab le I I ) . The m odel was confirm ed by th e  o b se r v a tio n  th a t  th e  r e la ­
t iv e  m o b il i ty  o f  a n a t iv e  tr im er  du rin g  g e l  e le c tr o p h o r e s is  corresponded  
to  th e  p r o p o r tio n  o f  each  su b u n it  charge type i t  c o n ta in e d . Two tr im er  
ty p es  (AC2 and B3) were p r e d ic te d  to  have n e a r ly  i d e n t i c a l  m o b i l i t i e s .
The s to ic h io m e tr y  o f  th e  corresp on d in g  band (T able I I ,  band 4) was con­
s i s t e n t  w ith  t h is  c o n c lu s io n . One p r e d ic te d  tr im er  type was m is s in g  (C3 )
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and an a d d it io n a l  r a p id ly  m ig r a tin g  hem erythrin  was ob served  (D ) . The 
su b u n it  o f  t h is  l a t t e r  p r o t e in ,  d e te c te d  in  o n ly  sm a ll q u a n t i t i e s ,  had 
a much g r e a te r  m o b il i ty  on b oth  a n a ly t i c a l  and p r e p a r a tiv e  e le c tr o p h o r e ­
s i s  g e l s ,  8  M in  u rea , than the m ost r a p id ly  m ig ra tin g  o f  th e  th ree
major su b u n it  ty p e s . The ab sen ce o f  tr im er type C3 i s  u n ex p la in ed .
('M+S-l') 1
U sing th e  form ula: N = s~ (M - l) ! ^ h aw , 1964) where N i s  the
number o f  p o s s ib le  o lig o m e r s , M th e  number o f  su b u n it ty p e s ,  and S th e  
number o f  su b u n its  p er  o lig o m e r , th e  number o f  o lig o m e r ic  ty p es  fo r  a 
dim er, tr im e r , and tetram er o f  th r e e  su b u n it  ty p es  was computed. A 
dimer o f  th r e e  su b u n it  typ es has a maximum o f  6  p o s s ib le  c o m b in a tio n s , 
a tr im er  10 p o s s ib le  c o m b in a tio n s , and a tetram er 15 p o s s ib le  combina­
t io n s .  Only a tr im er o f  th r ee  su b u n it  typ es would e x p la in  th e  number 
o f  bands ob served  du rin g  d i s c  g e l  e le c t r o p h o r e s i s .  E igh t bands have  
been ob served  during d i s c  g e l  e le c tr o p h o r e s is  w ith  one o f  the bands 
h a v in g  been shown to  r e p r e s e n t  two tr im er  com bination  ty p e s .  Of the  
ten  p o s s ib le  t r im e r s , n in e  have been accou n ted  f o r .  The te n th  p o s s ib le  
com b ination  (C3 ) has n o t been ob serv ed .
Most o lig o m e r ic  p r o te in s  d isc o v e r e d  to  d a te  have c o n ta in ed  an 
even  number o f  s u b u n its .  O ligom eric  p r o te in s  w ith  an odd number o f  
s u b u n its  are r e p r e se n te d  by a few  tr im ers  and pentam ers (D a m a ll  and 
K lo tz , 1 9 7 2 ) . By making th e  assum ption  th a t  P_. a g a s s i z i i  coe lom ic  
h em erythrin  su b u n its  e x i s t  in  i d e n t i c a l  en v iro n m en ts , o n ly  one form  o f  
q uatern ary  geom etry i s  p o s s ib le  fo r  them, tr ia n g u la r  (K lo tz  e t  a l . , 1 9 7 0 ). 
R e c e n t ly , a 2 -o x o -3 -d e o x y -6 -p h o sp h o g lu co n a te  a ld o la s e  from  Pseudomonas 
p u tid a  was shown by x -ra y  d i f f r a c t io n  s t u d ie s  to  have a sp ace  group w ith  
a 3 - f o ld  r o ta t io n  a x is  (Vandlen e t  a l . , 1 9 7 3 ) . This f in d in g  confirm ed  
th e  p h y s ic a l  and ch em ica l s tu d ie s  w hich had a lre a d y  shown t h is  enzyme to
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e x i s t  as a tr im er  o f  th ree  i d e n t i c a l  or n e a r ly  i d e n t i c a l  s u b u n its .
I s o e l e c t r i c  fo c u s in g  o f  n a t iv e  p o o led  ]?. a g a s s i z i i  co e lo m ic
m etazid eh em eryth rin  r e v e a le d  more than tw ice  as many bands as had been
ob served  during d is c  g e l  e le c t r o p h o r e s i s .  A d d it io n a l i s o e l e c t r i c  
fo c u s in g , on g e ls  8  M in  u rea , w ith  am pholytes o f  th e  same pH range as 
th o se  used fo r  th e  n a t iv e  p o o led  e le c t r o f o c u s in g  g e l s ,  r e v e a le d  n ot  
th r e e  but f i v e  major su b u n it  ty p es  (F ig . 2 3 ) .  The f i v e  m ajor i s o e l e c t r i c  
fo c u s in g  su b u n it typ es have been c o r r e la te d  w ith  th e  e le c t r o p h o r e t ic  
su b u n it  ty p es  (T able IV ).
With th e  in fo r m a tio n  a v a i la b le  from g e l  i s o e l e c t r i c  fo c u s in g  in
8  M u r e a , i t  became p o s s ib le  to  e x p la in  th e  appearance o f  th e  20 p lu s
bands when n a t iv e  co e lo m ic  hem erythrin  was s u b je c te d  to  i s o e l e c t r i c  
fo c u s in g . U sing  the p r e v io u s ly  c i t e d  form u la , a dimer o f  f i v e  su b u n it  
ty p es would have a maximum o f  15 p o s s ib le  c o m b in a tio n s , a tr im er  35 p o s­
s i b l e  co m b in a tio n s , and a tetram er 70 p o s s ib le  co m b in a tio n s. A trim er  
o f  f i v e  su b u n it typ es comes c lo s e s t  to  e x p la in in g  th e  2 0  p lu s  bands 
ob served  on the i s o e l e c t r i c  fo c u s in g  g e l  o f  th e  n a t iv e  h em ery th rin . The 
n e a r ly  i d e n t i c a l  i s o e l e c t r i c  p o in ts  o f  su b u n it  ty p es  2 and 3 , and 4 and 
5 would le a d  one to  e x p e c t  some tr im ers  o f  i d e n t i c a l ,  or n e a r ly  i d e n t i c a l  
i s o e l e c t r i c  p o in t s .  This probab ly  e x p la in s  th e  f a i l u r e  to  o b serve  the  
maximum number o f  tr im ers  p r e d ic te d . A ls o , some tr im er  ty p es may sim p ly  
n o t be p r e s e n t  (C3 i s  in e x p l ic a b ly  m is s in g  d u rin g  e le c t r o p h o r e s i s ) .
On th e  8  M urea g e ls  w hich c o n ta in ed  am pholytes o f  th e  narrow  
ra n g e , pH 5 - 8 ,  th e  f i v e  major i s o e l e c t r i c  fo c u s in g  su b u n it typ es were  
v i s i b l e ,  in  a d d it io n  to  a number o f  minor band s. These m inor bands were 
in d ic a t iv e  o f  sm a ll q u a n t i t ie s  o f  a d d it io n a l  v a r ia n t  su b u n it  ty p es  in  
t h i s  h em eryth rin . This typ e  o f  m ic r o h e te r o g e n e ity  has been  ob served  in
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o th e r  p r o t e in s ,  fo r  exam ple, th e  ir o n  s to r a g e  p r o te in  a p o f e r r i t in  
( R ig h e t t i  and D r y sd a le , 1 9 7 3 ).
W hile th e  band p a t te r n s  o f  th e  i s o e l e c t r i c  fo c u s in g  g e ls  cou ld  
be e a s i l y  reproduced , the pH curves from th e e lu te d  g e l  s l i c e s  were n ot  
as e a s i l y  r e p l ic a t e d .  A l l  o f  th e  p i  v a lu e s  in  the r e s u l t s  sh ou ld  be 
regarded  as approxim ate v a lu e s  due to  th e se  r e p l i c a t io n  d i f f i c u l t i e s  
(W rig ley , 1 9 6 8 ).
I n d iv id u a l  IP. a g a s s i z i i  worms had co e lo m ic  hem erythrin  g e l  
e le c tr o p h o r e s is  band p a t te r n s  w hich were v a r ia n ts  o f  the p o o led  p a tte r n  
in  about h a l f  th e  anim als exam ined. These v a r ia n t  e le c t r o p h o r e t ic  p a t ­
te r n s  w ere grouped in t o  f i v e  c la s s e s  and when p o o led  m ain ta in ed  t h e ir  
r e s p e c t iv e  v a r ia n t  p a t te r n s .  The most p rob ab le  e x p la n a tio n  fo r  th e se  
v a r ia n t  e le c t r o p h o r e t ic  p a t te r n s  i s  th e  absence o f  one o f  th e  su b u n it  
typ es se en  on th e  8  M urea  i s o e l e c t r i c  fo c u s in g  g e l s .  A la c k  o f  su b u n it  
typ e  1  would cu t down th e  m o b il i ty  range o f  the bands ob served  during  
e le c tr o p h o r e s is  and t h is  was n o t the c a se  a t  a l l .  Thus, one o f  th e  
o th e r  su b u n it  ty p e s ,  2 - 5 ,  was p rob ab ly  m is s in g  in  th e  v a r ia n t  a n im a ls .
An e q u ilib r iu m  has been d e te c te d  betw een  the octam er and monomer 
o f  G_. g o u ld i i  hem erythrin  by s u c c in y la t io n  o f  th e  o c ta m er ic  p r o te in  and 
then  m ixing  w ith  unm odified  octam er and a llo w in g  h y b r id iz a t io n  to  take  
p la c e .  The d e t e c t io n  o f  octam er o f  an in te r m e d ia te  m o b il i t y ,  on e l e c t r o ­
p h o r e s is ,  was regard ed  as p roo f th a t  an octamer-monomer e q u ilib r iu m  
e x is t e d  (K eresz tes-N a g y  e t  a l . , 1 9 6 5 ) . A s im i la r  e q u ilib r iu m  probab ly  
e x i s t s  w ith  P^ . a g a s s i z i i  coe lom ic  h em ery th rin , e x c e p t  th a t  th e  o ligom er  
i s  a tr im er  and th e  d i f f e r e n t l y  charged su b u n its  a llo w  e le c t r o p h o r e t ic  
d e te c t io n  o f  th e  e q u ilib r iu m  caused  h y b r id iz a t io n , w ith o u t  h a v in g  to  
m odify some o f  th e  p r o te in  c h e m ic a lly . The e v id en ce  fo r  t h is  e q u ilib r iu m
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was found in  th e  g e l  e le c t r o p h o r e s i s  p a t te r n s  o f  in d iv id u a l  hem erythrin  
tr im er  charge ty p e s ,  w hich had been se p a r a te d  by p r e p a r a tiv e  e l e c t r o ­
p h o r e s is ,  and i n i t i a l l y  had one band when e le c tr o p h o r e s e d  a g a in . S to r ­
age fo r  a week o r  more a p p a ren tly  a llow ed  s u f f i c i e n t  tim e fo r  the  
e q u ilib r iu m  and r e h y b r id iz a t io n  to  produce o th e r  tr im er  com b inations  
w hich cou ld  then  be d e te c te d  by g e l  e le c t r o p h o r e s i s .  The v a s t  d i f f e r e n c e  
in  m o b il i ty  o f  some o f  the new tr im ers on th e se  g e l s ,  when compared w ith  
the o r ig i n a l ly  i s o l a t e d  tr im er  ty p e , ex c lu d ed  th e  p o s s i b i l i t y  th a t  the  
new bands r e p r e se n te d  u n d etec ted  c r o ss -c o n ta m in a tio n  from th e  i n i t i a l  
p r e p a r a tiv e  e le c t r o p h o r e s i s .  When o n ly  one su b u n it  charge type was 
p r e se n t  (A3 ) ,  a d d it io n a l  bands d id  n ot appear ( s e e  F ig . 2 8 , g e l  9 ) .
The c ir c u la r  d ic h r o ic  spectrum  o f  P_. a g a s s i z i i  coe lom ic  hemery­
th r in  was t y p ic a l  o f  a p r o te in  h av in g  a h igh  c o n te n t  o f  a - h e l ix .  I t s  
a - h e l i c a l  c o n te n t , e s t im a te d  a t  82%, was s l i g h t l y  h ig h e r  than th a t  
r ep o r te d  fo r  any o th e r  hem erythrin  exam ined to  d a te : (5. g o u ld i i  c o e lo m ic ,
75% (D a r n a ll e t  a l .  , 1969; G arb ett et^ a l .  , 1 9 6 9 ); S_. nudus c o e lo m ic , 71% 
(B ossa  e t  a l . , 1 9 7 0 ); and D. p y r o id e s ; c o e lo m ic , 69%; v a s c u la r ,  6 6 %; 
and m yohem erythrin, 69% (K lip p e n s te in  e t  a l . , 1 9 7 2 ). U n c e r ta in t ie s  as 
to  th e  e x a c t  monomer m o lecu la r  w e ig h t (about 1 2 ,7 0 0 ) and the number o f  
amino a c id  r e s id u e s  p er  monomer (about 113) may e x p la in  the s l i g h t l y  
h ig h e r  p e r c en ta g e  o f  a - h e l i x  found fo r  P^ . a g a s s i z i i  co e lo m ic  h em ery th rin .
A com parison o f  th e  amino a c id  com p osition  o f  p o o led  P^ . 
a g a s s i z i i  c o e lo m ic  hem erythrin  w ith  th a t  o f  G_. g o u ld i i  r e v e a le d  a number 
o f  im p ortan t d i f f e r e n c e s .  A la c k  o f  c y s te in e  e x p la in e d  th e  f a i l u r e  o f  
s u lfh y d r y l  r e a g e n ts  to  produce a monomer from p o o led  P_. a g a s s i z i i  t r i -  
m eric h em ery th rin . O v e r a ll , P_. a g a s s i z i i  co e lo m ic  h em ery th rin , when 
compared to  th a t  o f  (J. g o u l d i i , c o n ta in s  much l e s s  a r g in in e  ( 1  r e s id u e
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o n ly ) ,  i s o l e u c in e ,  tryp top h an , and a s p a r t ic  a c id ;  w h ile  i t  c o n ta in s  much 
more a la n in e ,  s e r i n e ,  g ly c in e ,  and g lu ta m ic  a c id  ( s e e  Table I I I ) .
When the amino a c id  com p osition  o f  th e  " p u r ifie d "  su b u n it ty p es  
o f  P_. a g a s s i z i i  co e lo m ic  hem erythrin  a re  compared w ith  one a n o th e r , i t  
becomes ob v iou s th a t  th ey  r e p r e s e n t  p r o te in s  o f  d i f f e r e n t  c o m p o sit io n s .  
Subunit ty p es  B and C c lo s e l y  resem b le  one a n o th e r , e x c e p t  th a t  C has 
a t  l e a s t  one more a c id ic  and one few er b a s ic  r e s id u e  than B. T his i s  a 
rea so n a b le  co m p o sitio n  in  v iew  o f  th e  f a c t  th a t  su b u n it  typ e  C m igrated  
in  e le c tr o p h o r e s is  s l i g h t l y  more r a p id ly  than B. R eg a rd less  o f  the  
so u r c e , su b u n it  type A c o n ta in s  few er p o t e n t ia l  n e g a t iv e  ch arges when 
th e  p o s i t i v e  ch arges are s u b tr a c te d . Thus, a t  the norm al e le c tr o p h o r e ­
s i s  pH, su b u n it  type A would have a much low er m o b il i ty  than th e  o th er  
hem erythrin  su b u n it  ty p e s . This i s  e x a c t ly  th e  e le c t r o p h o r e t ic  b eh a v io r  
ob serv ed .
H em erythrin D, a very  m inor band (around 3%) d e te c te d  during  
e le c tr o p h o r e s is  o f  b oth  n a t iv e  and 8  M urea denatured  p r o t e in ,  has an 
amino a c id  co m p o sitio n  w hich d i f f e r s  g r e a t ly  from th a t  o f  th e  th ree  
major su b u n it ty p e s . This hem erythrin  c o n ta in s  s e v e r a l  few er b a s ic  
r e s id u e s  (how ever, one more a r g in in e )  and s e v e r a l  more p o t e n t ia l  a c id ic  
r e s id u e s .  I t  has a much g r e a te r  e le c t r o p h o r e t ic  m o b il i ty  than any o f  
th e  confirm ed tr im er  b an d s, and on e le c tr o p h o r e s is  in  8  M u r e a , m igrated  
fa r  ahead o f  th e  th r ee  major su b u n it  ty p e s . In a d d it io n , se v en  few er  
a la n in e s  are p r e s e n t  in  t h is  hem erythrin  than in  any o f  th e  m ajor sub­
u n it  ty p e s . F in a l ly ,  a lth ou gh  p o o led  P_. a g a s s i z i i  co e lo m ic  h em eryth rin  
and su b u n it ty p es  A, B, and C la c k  c y s t e in e ,  hem erythrin  D d e f i n i t e l y  
c o n ta in s  a r e s id u e  o f  c y s t e in e .  C o n sid erab le  d i f f e r e n c e s  in  amino a c id  
co m p o sitio n  have been n o ted  betw een th e  co e lo m ic  and v a s c u la r  hem ery-
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th r in s  o f  I), p y r o id e s  (K lip p e n s te in  -et al . , 1 9 7 2 ).
Based on th e  d i f f e r e n c e s  in  amino a c id  co m p o sitio n  and m o b il i ty  
from th e  major su b u n it ty p es  o f  JP. a g a s s i z i i  co e lo m ic  h em ery th r in , i t  
i s  p rob ab le  th a t  hem erythrin  D r e p r e s e n ts  a tr a c e  o f  v a s c u la r  hemery­
th r in  from th e sm a ll v a s c u la r  sy stem  found a lo n g  th e  r e tr a c to r  m u scles  
o f  jP. a g a s s i z i i .
The d i s s o c ia t io n  o f  P_. a g a s s i z i i  co e lo m ic  h em eryth rin  in t o  n a t iv e  
su b u n its  has n o t been acco m p lish ed . A l l  a t te m p ts , in c lu d in g  s u c c in y la -  
t io n ,  changes in  pH, and use o f  s u lfh y d r y l  r e a g e n ts  have f a i l e d .  The 
p r e p a r a tio n  o f  8  M urea denatured  s u b u n it s ,  which w ere se p a r a te d  on the  
b a s is  o f  ch a rg e , has been a ccom p lish ed . I n i t i a l l y ,  p r e p a r a tiv e  e l e c t r o ­
p h o r e s is  in  8  M urea was used  fo r  su b u n it s e p a r a t io n . However, a ttem p ts  
to  s e p a r a te  la r g e r  q u a n t i t ie s  o f  p r o te in  by t h i s  method f a i l e d ,  probab ly  
due to  th e  i n s o l u b i l i t y  o f  th e  denatured  h em eryth rin  d uring  e l e c t r o ­
p h o r e s is  .
Chromatography on D E A E -ce llu lo se  colum ns, 8  M in  u r e a , was more 
c o n v en ien t and a llo w ed  th e  use o f  la r g e r  q u a n t i t ie s  o f  h em eryth rin  fo r  
su b u n it  p r e p a r a tio n . The t o t a l  p r o te in  reco v ered  d id  n o t amount to  
more than 30% o f  th a t  i n i t i a l l y  p la c ed  onto th e  column. A gain , p r e c ip i ­
t a t io n  o f  th e  denatured  p r o t e in ,  even  in  8  M u r e a , was th e  s u sp e c te d  
reason  fo r  th e  low o v e r a l l  r e c o v e r y .
As e x p e c te d , the t r y p t ic  and ch ym otryp tic  d ig e s t io n s  o f  p o o led  
]?. a g a s s i z i i  co e lo m ic  hem erythrin  r e s u lt e d  in  many low y i e l d  p e p t id e s .  
Those p e p t id e s  w hich were r e co v ered  in  la r g e r  q u a n t i t i e s  from th e  p oo led  
d ig e s t io n s  are su sp e c te d  o f  b e in g  from areas o f  the m o lecu le  e s s e n t i a l  
to  th e  t e r t ia r y  s tr u c tu r e  and m aintenance o f  the ir o n  b in d in g  s i t e .
T his h y p o th e s is  i s  based  on th e  f a c t  th a t  th e  two f u l l y  c h a r a c te r iz e d
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h em erythrin  prim ary s t r u c t u r e s ,  G. g o u ld i i  c o e lo m ic  (K lip p e n s te in  e t  a l . , 
1968) and JD. p y r o id e s  m yohem erythrin (C o te , 1973) which d i f f e r  su b sta n ­
t i a l l y  in  co m p o sitio n  and quatern ary  s t r u c t u r e ,  are q u ite  s im i la r  in  
prim ary s tr u c tu r e  near th e  amino and c a r b o x y l term in a l r e g io n s  (C o te , 
1 9 7 3 ). The co e lo m ic  h em eryth rin s o f  P_. a g a s s i z i i  d i f f e r  from th e se  
h em eryth rin s both  in  co m p o sitio n  and qu atern ary  s tr u c tu r e ;  and y e t ,  the  
hom ologous r e g io n s  a t  th e  ter m in i rem ain . The many low y i e l d  p e p t id e s  
r e p r e s e n t  th e  nonhom ologous r e g io n s  among th e  P_. a g a s s i z i i  su b u n its  
w hich are presumed n o t to  be e s s e n t i a l  fo r  th e  t e r t ia r y  s tr u c tu r e .
H is t id in e s  2 5 , 5 4 , 73 , and 101 (M o r r isse y , 1971) and t y r o s in e s  
8  and 109 ( R i l l  and K lo tz , 1 9 7 1 ) , the s u s p e c te d  ir o n  lig a n d s  o f  G. 
g o u ld i i  h em ery th r in , are a l l  p r e ser v e d  in  th e  prim ary s tr u c tu r e  o f  ID. 
p y r o id e s  m yohem erythrin (C o te , 1 9 7 3 ) . The p e p t id e s  a s s ig n e d  to  the  
amino and carb oxy l r e g io n s  o f  P^ . a g a s s i z i i  c o e lo m ic  hem erythrin  show a 
p r e s e r v a t io n  o f  ty r o s in e  a t  p o s i t i o n s  8  and 1 0 9 , and h i s t i d i n e  a t  p o s i ­
t io n s  25 and 101 (F ig . 4 0 ) . In a d d it io n ,  i f  th e  assignm ent by homology 
o f  p e p t id e s  A-TT-4 e l - 1 ,  TT-3 S - l l ,  and TT-3 S-9 e l - 3  i s  c o r r e c t ,  th e  
h i s t i d i n e  a t  p o s i t io n  73 has been p r e se r v e d  in  the prim ary s tr u c tu r e  o f  
P^ . a g a s s i z i i  co e lo m ic  h em ery th rin . T his r e g io n  does n o t  show a homology  
as c lo s e  as th a t  ob served  fo r  th e  te r m in i;  how ever, th e  ty r o s in e s  and 
t h e ir  sp a c in g  in  th e se  p e p t id e s ,  as w e l l  as th e  h i s t i d i n e  a t  p o s i t io n  
73 makes t h e ir  a ss ig n m en ts  to  t h is  r e g io n  f a i r l y  c e r t a in .  H is t id in e  77 
i s  p rob ab ly  n o t an ir o n  l ig a n d  (M o r r isse y , 1 9 7 1 ) , b u t some doubt about 
t h is  rem ains s in c e  t h is  r e s id u e  was p r e ser v e d  in  the prim ary s tr u c tu r e  
o f  m yohem erythrin (C o te , 1 9 7 3 ) . A la n in e  and g lu tam in e have been found  
a t  t h is  p o s i t i o n  in  th e  prim ary s tr u c tu r e  o f  !P. a g a s s i z i i ; how ever, 
h i s t i d i n e  i s  th e  v ery  n e x t  r e s id u e  a t  p o s i t i o n  78. The e x a c t  l ig a n d
F igu re  40: A com parison o f  th e  ]?. a g a s s i z i i  seq u en ce d ata  w ith  th e  p r i ­
mary s tr u c t u r e s  o f  Gh g o u ld i i  co e lo m ic  hem erythrin  
(K lip p e n s te in  e t  a l . , 1968; K lip p e n s te in , 1972a) and I). 
p y r o id e s  m yohem erythrin (C o te , 1 9 7 3 ).
F igu re 40
N term inus 5  1Q ^
£ .  g o u ld i i  hem erythrin  G ly -P h e-P ro -Ile -P ro -A sp -P ro -T yr-V a l-T rp -A sp -P ro -S er-P h e-A rg-
D. p y ro id es  myohemerythrin G ly -T rp -G lu -Ile -P ro -G lu -P ro -T yr-V a l-T rp -A sp -G lu -S er-P h e-A rg-
Trp Leu
P^ . a g a s s i z i i  hem erythrin  A G ly -P h e-P ro-V al-P ro-G lu -P ro-T yr-V al-T rp -A sp -A la -S er-P h e-L ys-
jP. a g a s s i z i i  p oo led  Gly-Phe -----------Incom plete------------- V al-T rp-A sp-A la-S er-P he-L ys
Trp Thrb Ser
20 25 30 35
T h r -P h e -T y r -S e r -I le -I le -A sp -A sp -G lu -H is-L y s-T h r-L e u -P h e -A sn -G ly -I le -P h e -H is-L e u -A la -I le -
V a l-P h e-T y r-G lu -G ln -L eu -A sp -G lu -G lu -H is-L y s-L y s-I le -P h e-L y s-G ly -I le -P h e-C y s-A sp -I le -A rg -  
T hr-M et-T yr-G lu-A sp-L eu-A sp-A sp-G ln-H is-L ys-G lx-L eu-Phe ------------------ Incom plete--------------------
T hr-Phe-T yr-A sp-A sp-L eu-A sp-A sp-G ln-H is-L ys -----------------------------Incom plete-------------------------------
40 45 50 55
A sp-A sp-A sn-A la-A sp-A sn-L eu-G ly-G lu-L eu-A rg-A rg-C ys-T hr-G ly-L ys-H is-P he-L eu-A sn-G ln-G lu-
A sp -A sn -Ser-A la-P ro-A sn-L eu-A la-T hr-L eu-V al-L ys-V al-T hr-T hr-A sn-H is-P h e-T h r-H is-G lu -G lu-
---------------------------------------------------------------------- In comple te --------------------------------------------------------------------
---------------------------------------------------------------------- Incom plete--------------------------------------------------------------------
60 Glu 65 70 75 Asp Thr 80
V al-L eu -M et-G ln -A la -S er-G ln -T yr-G ln -P h e-T yr-A sp -G lu -H is-L ys-L ys-G lu -H is-G lu -G ly -P h e-Ile -
A la -M et-M et-A sp -A la -A la -L ys-T yr-S er-G lu -V al-V al-P ro-H is-L ys-L ys-M et-H is-L ys-A sp -P h e-L eu -
---------------- Incom plete  Tyr Gly Gly Tyr A la A la H is Lys -------- Incom plete----------------
 Incom p lete—  Val A la  Lys Tyr Ser Gly Tyr Asn A la H is Lys Glu A la A la  H is Gly Phe--------
Gly A la Glu Gin Asp
Asp
Asn 85 90 95 A la
H is-A la-L eu -A sp -A sn-T rp-L ys-G ly-A sp- ( fo o tn o te  a) V a l-L ys-T rp -A la -L ys-S er-T rp -L eu -
G lu -L ys-Ile -G ly -G ly -L eu -S er-A la -P ro -V a l-A sp -A la -L ys-A sn -V a l-A sp -T yr-C ys-L ys-G lu -T rp -L eu -
--------------------In com plete------------------  G ly- a S er-A la-T yr-A la-L ys-A sp -T rp -L eu -
----------------------- Incom plete-----------------------  a -------------------- A la-A rg-A sp-T rp-L eu-
100 105 110
V a l-A sn -H is -I le -L y s-T h r -I le -A sp -P h e -L y s-T y r -L y s-G ly -L y s-I le  C-term inus
V al-A sn -H is-Ile-L ys-G ly -T h r-A sp -P h e-L ys-T ry -L ys-G ly -L ys-L eu
V a l-G ln -H is-I le -L y s-T h r-I le -A sp -P h e-L y s-T y r-L y s-G ly -G ln -L eu
V a l-G ln -H is-I le -L y s-A sn -I le -A sp -P h e-L y s-T ry -L y s-G ly -L y s-L eu
N um bering o f  _G. g o u ld i i  coe lom ic  hem erythrin  fo llo w e d  in  t h is  f ig u r e .
^ P ep tid e  G- 6  Ch-1 (Thr-Trp) may b e lo n g  h e r e , a llo w in g  a Thr v a r ia n t  a t t h i s  p o s i t io n .
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s ta t u s  o f  h i s t i d i n e  73 v e r su s  77 rem ains u n c lea r  w ith  th e  d ata  p r e s e n t ly  
a v a i la b le .
The rep lacem en t o f  l y s i n e  by g lu tam in e a t  p o s i t io n  112 in  
h em erythrin  su b u n it  type A (F ig . 40) i s  th e  o n ly  a p p a ren tly  s i g n i f i c a n t  
s u b s t i t u t io n  from r e s id u e s  9 5 -1 1 3  o f  th e  ca rb o x y l term in u s. A l l  o f  th e  
l y s in e s  in  G^. g o u ld i i  h em ery th r in , and the amino term in u s, have been  
c h e m ic a lly  m o d ified  w ith  n e i th e r  ir o n  l o s s  nor s p e c t r a l  a b so r p tio n  l o s s .  
They were con clu d ed  to  be n o n e s s e n t ia l  fo r  th e  m aintenance o f  t e r t ia r y  
s tr u c tu r e  and th e  ir o n  b in d in g  s i t e  (Fan and York, 1969; M o r r issey , 
1 9 7 1 ). Thus, th e  rep lacem en t o f  a p o s i t i v e l y  charged s id e  ch a in  w ith  
an uncharged b u t p o la r  one rem ains c o n s e r v a t iv e  in  term s o f  th e  t e r t ia r y  
s tr u c tu r e  o f  t h is  p r o t e in .  The same in te r c h a n g e  occu rs so  o f te n  among 
the g lo b in s  th a t  i t  has been  termed very  c o n s e r v a t iv e  (Z uckerkandl and 
P a u lin g , 1 9 6 5 ).
E ith e r  or b o th  o f  th e  t y r o s in e s  a t  p o s i t io n s  18 and 70 o f  G. 
g o u ld i i  co e lo m ic  h em eryth rin  are  su sp e c te d  o f  b e in g  in v o lv e d  in  su b u n it  
b in d in g  ( R i l l  and K lo tz , 1 9 7 0 ). T yrosin e  70 i s  r e p la c e d  by v a l in e  in  
th e  prim ary s tr u c tu r e  o f  m yohem erythrin which la c k s  a quaternary  
s t r u c t u r e .  In ]?. a g a s s i z i i  h em ery th r in , ty r o s in e  i s  c le a r ly  p r e se n t  
a t  p o s i t i o n  70. Thus i t  i s  p o s s ib le  th a t  th e  ty r o s in e  a t  p o s i t i o n  70 
i s  in v o lv e d  in  th e  su b u n it  in t e r a c t io n s  o f  G. g o u ld i i  and a g a s s i z i i  
co e lo m ic  h em ery th r in s. T yrosin e  1 8 , w hich i s  p r e s e n t  in  b o th  G_. g o u ld i i  
and ]?. a g a s s i z i i  c o e lo m ic  h em ery th rin , and th e  m yohem erythrin o f  I). 
p y r o id e s , may p la y  a p a r t  in  th e  su b u n it  in t e r a c t io n s  o f  th e s e  co e lo m ic  
h em ery th r in s, b u t i t  has no such r o le  in  m yohem erythrin.
P o s i t io n s  71 and 72 o f  both  co e lo m ic  h e m er y th r in s , compared to  
m yohem erythrin, show a w ide range o f  v a r ia n c e  (F ig .  4 0 ) . The m eth ion in e
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a t  p o s i t io n  62 in  (2 . g o u ld i i  co e lo m ic  hem erythrin  i s  b e l ie v e d  to  p la y  an 
im p ortan t p a r t  in  th e  m aintenance o f  t e r t ia r y  s t r u c t u r e ,  but n o t in  
b in d in g  th e  ir o n  (M o r r isse y , 1 9 7 1 ) . M eth ion ine i s  a ls o  found a t  p o s i ­
t io n  62 in  the m yohem erythrin o f  13. p y ro id es  (C o te , 1 9 7 3 ). From th e  
p o o led  t r y p t ic  and ch ym otryp tic  d ig e s t io n s  o f  P_. a g a s s i z i i  coe lom ic  
h em ery th r in , m eth ion in e  c o n ta in in g  p e p t id e s ,  whose co m p o sitio n s  had some 
hom ology w ith  th e  known hem eryth rin s in  the r e g io n  around p o s i t io n  62 ,
have been i s o l a t e d .  However, ambiguous and c o n tr a d ic to r y  seq u en ce in ­
form ation  p rec lu d ed  a ssign m en t o f  th e s e  p e p t id e s  (G-2 S-2 e l-A - 6  and TT-1
S -3  e l - 4 )  to  t h is  r e g io n  o f  th e  prim ary s t r u c t u r e .
Even in  su b u n it typ e  A w hich was b e l ie v e d  to  be a r e l a t i v e l y  
pure s u b u n it , v a r ia n c e  was n o te d . At th e  amino term in u s, th e r e  i s  a 
le u c in e  a t  p o s i t i o n  3 when u n d ig e ste d  hem erythrin  i s  seq u en ced , w h ile  
p r o l in e  i s  p r e s e n t  a t  th e  same p o s i t io n  in  th e  amino term in a l p e p tid e  
i s o l a t e d  from  th e  d ig e s t io n  o f  hem erythrin  A. This amino a c id  in t e r ­
change i s  n o t d e t e c t a b le  or  se p a r a b le  by any tech n iq u e  w hich depends on 
charge d i f f e r e n c e s .  A d d it io n a l n e u t r a l ,  or n ea r  n e u tr a l  in te r c h a n g e s  
w ere n o ted  a t  s e v e r a l  p o s i t io n s  in  th e  p a r t ia l  sequence o f  a g a s s i z i i  
c o e lo m ic  h em eryth rin  ( s e e  F ig . 40; p o s i t io n s  1 2 , 17 , 19 , 6 8 , 71 , 9 9 , and 
1 0 4 ) .
I s o e l e c t r i c  f o c u s in g , e s p e c i a l ly  w ith  am pholytes o f  th e  narrow  
pH r a n g e , can se p a r a te  some o f  th e  e le c t r o p h o r e t ic a l ly  n e a r -n e u tr a l  
in te r c h a n g e s , fo r  exam ple, g lu ta m ic  fo r  a s p a r t ic  a c id , or ly s in e  fo r  
a r g in in e . The many m inor bands ob served  du rin g  i s o e l e c t r i c  fo c u s in g  
w ith  the narrow range a m p h o ly tes, and 8  M u r e a , are  probab ly  due to  the  
s e p a r a t io n  o f  su b u n its  e x h ib i t in g  t h is  typ e  o f  v a r ia n c e .
Amino a c id  in v a r ia n c e  in  th e  same p r o te in  from d i f f e r e n t  s p e c ie s
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has been  in te r p r e te d  as in d ic a t in g  th e  n e c e s s i t y  o f  th e s e  r e s id u e s  fo r  
m a in ta in in g  th e  t e r t ia r y  s t r u c tu r e  o r ,  t h e ir  in vo lvem en t in  o th e r  
e s s e n t i a l  p r o te in  in t e r a c t io n s  (D ick er so n , 1 9 7 2 ). When hom ology i s  
m ain ta in ed  fo r  c e r t a in  amino a c id  r e s id u e s  among h em eryth rin s w hich  
d i f f e r  w id e ly  from one an o th er  (c o m p o s it io n , s o u r c e , and qu atern ary  
s t r u c t u r e ) ,  e s p e c i a l ly  when ch em ica l m o d if ic a t io n  s tu d ie s  have su g g e s te d  
th ey  are p o t e n t ia l  l ig a n d s ,  th e  ca se  fo r  t h e ir  e s s e n t i a l  in vo lvem en t in  
ir o n  b in d in g , and th u s , m aintenance o f  th e  t e r t ia r y  s tr u c tu r e  i s  g r e a t ly  
s tr e n g th e n e d . However, th e  n e c e s s i t y  o f  m a in ta in in g  th e  con form ation  
o f  th e  mRNA may a ls o  cau se  an in v a r ia n t  r e s id u e  in  a p r o t e in .  Or, the  
secon d  s tr a n d  o f  DNA may a t  th a t  cod in g  p o in t  be e s s e n t i a l  fo r  the  
s tr u c tu r e  o f  an oth er  mRNA or p r o te in  (N orth , 1 9 7 2 ) . I d e a l ly ,  th e  con­
c lu s io n  th a t  an in v a r ia n t  r e s id u e  i s  e s s e n t i a l  fo r  the fu n c t io n in g  o f  a 
p r o te in  sh ou ld  be b ased  on ch em ica l m o d if ic a t io n  s t u d ie s  w ith  th e  f i n a l  
c o n c lu s io n  b e in g  r e se r v e d  fo r  x -r a y  d i f f r a c t io n  d a ta .
The assem bled  p e p t id e  d a ta , e s p e c i a l ly  in  the c e n tr a l  r e g io n  o f  
th e  m o le c u le , s u g g e s ts  a minimum o f  fo u r  su b u n it  ty p es  b e in g  p r e s e n t .  
S in ce  h a l f  th e  an im als exam ined in d iv id u a l ly  had a g e l  e le c t r o p h o r e t ic  
p a tte r n  v i r t u a l ly  i d e n t i c a l  to  th e  p a tte r n  o f  p o o led  h em ery th r in , th e se  
in d iv id u a ls  p robab ly  have in  t h e ir  genomes a s u f f i c i e n t  number o f  d i f ­
f e r e n t  a l l e l e s  o f  th e  hem erythrin  s t r u c t u r a l  g e n e (s )  to  accou n t fo r  a l l  
o f  th e  su b u n it  ty p es ob served  ( f i v e  major ty p es  on i s o e l e c t r i c  fo c u s in g  
o f  p o o le d  h e m e r y th r in ) . P o s t t r a n s la t io n a l  m o d if ic a t io n s  may a ls o  be  
r e s p o n s ib le  fo r  some o f  th e  v a r ia n ts  ob served  in  t h is  p r o t e in .
In term s o f  t e r t ia r y  s t r u c t u r e ,  th e  su b u n its  are probab ly  q u ite  
s im i la r  b ased  on t h e ir  seq u en ce h om olog ies w ith  one an oth er  and th e  
known h em ery th r in s. The su b u n its  may be f u n c t io n a l ly  e q u iv a le n t ,  but
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t h i s  i s  s p e c u la t io n  u n t i l  a method to  make n a t iv e  monomer i s  found and 
oxygen b in d in g  s t u d ie s  are perform ed on them.
H e te r o g e n e ity  among f u n c t io n a l ly  i d e n t i c a l  enzyme su b u n its  and 
the form ation  o f  d i f f e r e n t l y  charged o lig o m ers  from th e se  s u b u n it s , v ia  
h y b r id iz a t io n ,  has been an e s t a b l i s h e d  f a c t  fo r  some tim e ( V e s s e l l ,
1 9 6 8 ). L a c ta te  dehydrogenase i s  th e  c l a s s i c  exam ple o f  t h i s .  I t  i s  a 
tetram er w hich can be formed from any com b ination  o f  th e  two e l e c t r o -  
p h o r e t ic a l ly  d i f f e r e n t  su b u n it ty p e s  (M arkert, 1 9 6 8 ). A lthough the  
tetram er ty p es  are  f u n c t io n a l ly  s im i la r ,  th ey  r e q u ir e  d i f f e r e n t  co n d i­
t io n s  fo r  optimum a c t i v i t y .  The same cou ld  be tru e  fo r  oxygen a f f i n i t y  
in  the d i f f e r e n t  tr im ers  o f  P_. a g a s s i z i i  co e lo m ic  h em ery th rin .
In a number o f  p r o p e r t ie s ,  P^ . a g a s s i z i i  co e lo m ic  hem erythrin  
resem b les th e  h em erythrin  found in  the b rach iop od  _L. ungu is more than  
th o se  exam ined in  o th e r  s ip u n c u lid s  to  d a te . The brach iop od  hem erythrin  
i s  o c ta m er ic  and has two e le c t r o p h o r e t ic  s p e c ie s  on d is c  g e l s ,  even  from  
an in d iv id u a l  an im a l. Each o f  t h e s e  bands shows a d d it io n a l  h e te r o g e n e ity  
when e le c tr o p h o r e s e d  on g e ls  8  M in  urea  (J o sh i and S u l l iv a n ,  1 9 7 3 ) .
H e te r o g e n e ity  o f  th e  _L. ungu is h em ery th rin s was a ls o  in d ic a te d  by th e
low y i e l d s  o f  t r y p t i c  p e p t id e s  o b ta in e d . F in a l ly ,  a lth ou gh  th e  L in gu la  
h em eryth rin s each  c o n ta in ed  a c y s t e in e ,  no m ention was made o f  th e  
ob v iou s exp erim en t o f  p rod u cin g  n a t iv e  monomers by c h e m ic a lly  b lo c k in g  
th e  c y s t e in e .  The s e p a r a tio n  o f  d i f f e r e n t  n a t iv e  monomer ty p e s ,  th e  
monomer h a v in g  been  made by c h e m ic a lly  b lo c k in g  th e  c y s t e in e ,  has a l ­
ready been r e p o r te d  fo r  th e  co e lo m ic  hem eryth rin  o f  (J. g o u ld i i
(K lip p e n s te in , 1 9 7 2 a ). In a d d it io n ,  th e  au th ors (J o sh i and S u l l iv a n ,  
1973) produced monomer fo r  a s e d im e n ta tio n  e q u ilib r iu m  m o lecu la r  w e ig h t  
d e ter m in a tio n  by u s in g  harsh  d en a tu r in g  c o n d it io n s  ( 6  M g u a n id in e  h yd ro-
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c h lo r id e  and 0 .1  M m e r c a p to e th a n o l) . A lthough n o t s t a t e d  con cern in g  
the L in g u la  h e m er y th r in s, i t  can be deduced th a t  as w ith  P^ . a g a s s i z i i
co e lo m ic  h em ery th rin , th e  L in g u la  hem eryth rin s r e s i s t e d  a l l  a ttem p ts
to  produce a n a t iv e  monomer. In a d d it io n ,  21 r e s id u e s  in  from th e  
ca rb o x y l ter m in i w ere rep o r ted  as h a v in g  been sequenced  fo r  each o f  th e  
L in gu la  h em eryth rin s (J o sh i and S u l l iv a n ,  1 9 7 3 ). I t  i s  q u ite  l i k e l y  
th a t  th e  L in gu la  h em eryth rin s resem b le  th e  co e lo m ic  hem eryth rin s o f  P_. 
a g a s s i z i i  in  h a v in g  ter m in i w hich show a s tr o n g  hom ology w ith  o th e r  
h em eryth rin s and h ig h ly  v a r ia b le  c e n tr a l  r e g io n s .
The prim ary s tr u c tu r e s  o f  th e  co e lo m ic  hem eryth rin s from worms 
in  th e  two gen era  w hich have been exam ined are rem arkably s im i la r  to  
each  o th e r . The prim ary s tr u c tu r e  o f  G. g o u ld i i  hem erythrin  (K lip p e n s te in  
e t  a l .  , 1 9 6 8 ) , and th a t  o f  I), p y r o id e s  ( F e r r e l l  and K it t o ,  1971) d i f f e r  
a t  o n ly  fo u r  p o in ts  in  t h e ir  t o t a l  prim ary s t r u c t u r e s .  Both are o c ta -  
m eric p r o te in s  (K lo tz  and K e r e sz te s -N a g y , 1963; F e r r e l l  and K it t o ,  1 9 7 0 ).
The c lo s e  hom ology o f  th e se  r e s p ir a to r y  p r o te in s  le d  to  the c o n c lu s io n
th a t  th e se  genera  had d iv erg ed  from  a common a n c e s to r  f a i r l y  r e c e n t ly  
in  s ip u n c u l id  e v o lu t io n a r y  h i s t o r y  ( F e r r e l l  and K it t o ,  1 9 7 1 ) . The 
c o e lo m ic  hem eryth rin  o f  P^ . a g a s s i z i i  d i f f e r s  r a d ic a l ly  from e i t h e r  o f  
th e se  co e lo m ic  h em eryth rin s in  term s o f  prim ary and quaternary  s t r u c t u r e .  
Having a t r im e r ic  q u atern ary  s t r u c t u r e ,  P^ . a g a s s i z i i  co e lo m ic  hem erythrin  
d i f f e r s  from a l l  o th e r  s ip u n c u lid  co e lo m ic  hem eryth rin s s tu d ie d  to  d ate  
( th r e e  s p e c ie s  from th r e e  g en e r a , a l l  o c ta m e r ic ) , even  from th o se  o f  
an oth er  p h y la  (B rach iop od a , L in g u la  ungu is and L in gu la  r e e v i ,  b oth  o c ta ­
m eric) (J o sh i and S u l l iv a n ,  1973; K lo tz , 1 9 7 1 ). This marked d i f f e r e n c e  
in  quatern ary  s t r u c t u r e ,  p lu s  th e  ob served  and su sp e c te d  la c k  o f  homology 
in  th e  prim ary s tr u c tu r e  o f  th e  P^ . a g a s s i z i i  c o e lo m ic  h em eryth rin s w ith
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th o se  o f  G_. g o u ld i i  and I), p y r o id e s , s tr o n g ly  s u g g e s ts  th a t th e  genus 
Phascolosom a b e lo n g s  in  a t  l e a s t  a d i f f e r e n t  grouping in  th e  n e x t  s te p  
o f  th e  Linnean c l a s s i f i c a t i o n  schem e. Dendrostomum and G o lf in g ia  as 
gen era  probab ly  b e lo n g  in  th e  same fa m ily ,  w h ile  Phascolosom a sh o u ld  be  
in  an oth er  fa m ily . This p resu p p oses th a t  the hem erythrin s exam ined are  
t y p ic a l  o f  th e  genus in v o lv e d . Of c o u r se , th e  in h e r en t danger o f  c l a s s i ­
f y in g  an organism  on the b a s i s  o f  a s in g le  t r a i t  renders the above 
c o n c lu s io n  t e n t a t iv e  (C r o n q u is t, 1 9 6 5 ).
A m yohem erythrin does occu r  in  th e  m uscles o f  P. a g a s s i z i i  and 
appears to  be s im i la r  to  th a t  c h a r a c te r iz e d  in  D. p yro id es  (K lip p e n s te in  
e t  a l . , 1972) in  term s o f  i t s  u v - v i s i b l e  sp ectru m , e s tim a te d  m o lecu lar  
w e ig h t on SD S-p olyacrylam ide g e l s ,  and se d im e n ta tio n  b e h a v io r .
A lthough rep o r ted  to  n o t  c o n ta in  a v a s c u la r  system  (M anw ell,
1 9 6 3 ) , J?. a g a s s i z i i  worms do c o n ta in  a sm a ll v a s c u la r  sy stem . Hemery­
th r in  D, th e  m inor and unusual h em eryth rin  found w ith  the co e lo m ic  
hem erythrin  o f  P_. a g a s s i z i i , i s  su sp e c te d  o f  b e in g  an a c c id e n ta l  con­
ta m in a tio n  from  t h i s  v a s c u la r  sy ste m . S in ce  i t  w ent through th e  
co e lo m ic  h em eryth rin  p u r i f i c a t io n  p r o ced u re , i t  probably has a m o lecu la r  
w e ig h t  in  the same range as t h a t  o f  th e  tr im e r ic  coelom ic  h em eryth rin .
Burrowing s ip u n c u lid s  have s m a lle r  v a s c u la r  system s than th o se  
w hich l i v e  n ear th e  s u r fa c e  in  lo o s e  sand and o b ta in  t h e ir  oxygen v ia  
th e  v a s c u la r  sy ste m  a s s o c ia t e d  w ith  th e  t e n t a c l e s ,  ra th er  than by d i f ­
fu s io n  through th e  body w a l l ,  th e  method o f  th e  burrow ing worms (M anw ell, 
1 9 6 0 b ). I t  has been  rep o r te d  th a t  th e  la r g e s t  P^ . a g a s s i z i i  worms c o l ­
le c t e d  fo r  c l a s s i f i c a t i o n  p u rp oses ( F is h e r , 1952) were found in  the mud 
o f  Humboldt Bay, C a l i fo r n ia ,  w hich was s u sp e c te d  o f  b e in g  a very  
fa v o r a b le  environm ent fo r  t h is  s p e c ie s  o f  s ip u n c u l id .  Thus, a sm a ll
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v a s c u la r  sy stem  in  P_. a g a s s i z i i  seem s r e a so n a b le  in  v iew  o f  th e  e c o lo g y  
o f  t h is  worm.
Much rem ains to  be done w ith  th e  co e lo m ic  hem erythrin  o f  P_. 
a g a s s i z i i . Work i s  p r o g r e ss in g  in  t h is  la b o r a to r y  on com p letin g  th e  
sequence o f  hem erythrin  su b u n it  typ e  A. A ls o , th e  seq u en ces o f  su b u n it  
typ es B and C, and as many o f  t h e ir  v a r ia n ts  as p o s s ib l e ,  sh ou ld  be 
com p leted . This d ata  would be very  v a lu a b le  when th e  t e r t ia r y  s tr u c tu r e  
o f  any hem erythrin  becomes a v a i la b le .  (D. p y r o id e s  m yohem erythrin i s  
p r e s e n t ly  b e in g  s tu d ie d  by x -r a y  d i f f r a c t i o n  te c h n iq u e s , H endrickson  
and K lip p e n s te in , 1 9 7 4 ).
The oc ta m er ic  h em eryth rin s probab ly  have a cu b o id a l quaternary  
s tr u c tu r e  (K lo tz  and K e r e sz te s -N a g y , 1963) w hich r e q u ir e s  th r e e  b in d in g  
s u r fa c e s  p er  su b u n it  (K lo tz  e t  a l . , 1 9 7 0 ) . R ecent x -r a y  d i f f r a c t io n  
data  o f  o c ta m e r ic  hem erythrin  was c o n s is t e n t  w ith  th e  p lacem ent o f  th e  
su b u n its  in  an ap p rox im ately  c u b ic  s tr u c tu r e  (North and S tu b b s, 1 9 7 4 ).
The t r im e r ic  s tr u c tu r e  o f  ]?. a g a s s i z i i  co e lo m ic  hem erythrin  would a llo w  
o n ly  two b in d in g  s i t e s  p er su b u n it (K lo tz  e t  a l . , 1 9 7 0 ) . Combining prim ary, 
seco n d a ry , t e r t ia r y ,  and quatern ary  s t r u c t u r a l  d a ta  o f  th e  h em erythrin s  
sh ou ld  a llo w  a d e term in a tio n  o f  w hich r e s id u e s  are in v o lv e d  in  th e  sub­
u n it  b in d in g  s i t e s  and th e  n a tu re  o f  th e  in t e r a c t io n s  in v o lv e d . Con­
s id e r in g  th e  d i f f i c u l t i e s  in v o lv e d  in  d i s s o c ia t in g  3?. a g a s s i z i i  co e lo m ic  
h em ery th rin , hydrophobic and hydrogen bond in t e r a c t io n s  are p r e d ic te d  
to  be th e  m ajor fo r c e s  in v o lv e d  in  i t s  su b u n it  b in d in g .
H em erythrin -type a c t iv e  c e n te r s  are n ot c o n fin e d  to  m arine 
in v e r te b r a te s  o n ly . R e c e n t ly , a su b u n it  o f  th e  r ib o n u c le o t id e  r e d u c ta se  
system  o f  E s c h e r ic h ia  c o l i  was i s o l a t e d  w hich co n ta in ed  two ir o n s  p er  
su b u n it and had M ossbauer and u v - v i s ib l e  s p e c tr a  th a t  s tr o n g ly  resem bled
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th o se  o f  th e  known hem eryth rin s (A iken e t  a l . , 1 9 7 3 ) . S in ce  e u c a r y o t ic  
c e l l s  a ls o  reduce r ib o n u c le o t id e s ,  they  may c o n ta in  o x id a t io n -r e d u c t io n  
typ e p r o te in s  w ith  h e m e r y th r in - lik e  a c t iv e  c e n te r s .
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